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RÉSUMÉ 
 
La déubiquitinase BAP1 (« BRCA1-Associated Protein1 ») a initialement été isolée 
pour sa capacité de promouvoir la fonction suppressive de tumeurs de BRCA1. BAP1 est muté 
de manière homozygote dans plusieurs cancers (tel que le cancer du rein, de la peau, de l’oeil 
et du sein) suggérant fortement que cette déubiquitinase est un suppresseur de tumeurs. 
Effectivement, la surexpression de BAP1 réduit la prolifération cellulaire et la croissance 
tumorale dans des modèles de xénogreffe de souris. Toutefois, la fonction biologique et le 
mécanisme d’action de cette déubiquitinase restent encore marginalement connus. Ainsi, les 
objectifs de cette thèse sont de caractériser la fonction biologique de BAP1 et de révéler les 
bases moléculaires de sa fonction suppressive de tumeurs. 
 
Pour déterminer la fonction biologique de BAP1, nous avons immuno-purifié et 
identifié les protéines associées à BAP1, qui s’avèrent être principalement des facteurs et co-
facteurs de transcription. Ensuite, nous avons démontré que BAP1 est un régulateur de la 
transcription. Parallèlement, un autre groupe a montré que BAP1 chez la drosophile, Calypso, 
régule l’ubiquitination de H2A et la transcription génique. D’autre part, nos résultats d’analyse 
d’expression génique globale suggèrent que BAP1 jouerait un rôle important dans la réponse 
aux dommages à l’ADN. Effectivement, des expériences de gain et de perte de fonction 
(méthode de l’ARNi, modèle de cellules KO en BAP1 et de cellules déficientes en BAP1 re-
exprimant BAP1) ont révélé que cette déubiquitinase régule la réponse aux bris double brin 
d’ADN par la recombinaison homologue.   
 
Nos résultats suggèrent que BAP1 exerce sa fonction suppressive de tumeurs en 
contrôlant la réparation sans erreur de l’ADN via la recombinaison homologue. En cas 
d’inactivation de BAP1, les cellules deviendront plus dépendantes du mécanisme de réparation 
par jonction d'extrémités non-homologues, qui est potentiellement mutagénique causant ainsi 
l’instabilité génomique. D’autres études seront nécessaires afin de déterminer le rôle exact de 
BAP1 dans la transcription et de comprendre comment la dérégulation de l’ubiquitination de 
H2A contribue au développement du cancer. Définir les mécanismes de suppression tumorale 
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est de grand intérêt, non seulement pour comprendre la carcinogénèse mais également pour le 




Déubiquitinase; ubiquitine; chromatine; H2A; transcription; dommage à l’ADN; bris double 
brin d’ADN, recombinaison homologue. 
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ABSTRACT 
 
The deubiquitinase BAP1 (BRCA1-Associated Protein1) is a nuclear member of the 
ubiquitin C-terminal hydrolase (UCH) family, previously isolated for promoting the function 
of the tumor suppressor BRCA1. Importantly, homozygous inactivating mutations of BAP1 
have been found in mesothelioma, renal, melanoma and breast cancers strongly suggesting 
that this deubiquitinase is a tumor suppressor. Indeed BAP1 overexpression reduces cell 
proliferation and tumor growth in xenograft models. Nonetheless, the biological function and 
the mechanism of action of this deubiquitinase remain poorly defined. The goals of this thesis 
are to characterize the biological function of BAP1 and to reveal the molecular basis of its 
tumor suppressive function.  
 To provide insights into BAP1 biological function, we conducted a tandem affinity 
immunopurification of BAP1-associated proteins and found that most interacting partners are 
transcription factors and cofactors. Next, we demonstrated that BAP1 is indeed a transcription 
regulator. Concomitantly, another group showed that the drosophila BAP1, Calypso, is a 
Polycomb Group protein that regulates the ubiquitination levels of H2A and gene expression. 
Indeed, our global gene expression analysis suggests that BAP1 plays important role in DNA 
damage response. Consistently, loss- and gain- of function experiments (RNAi approach, 
DT40 chicken B cells KO model and re-introduction of BAP1 in BAP1 null-cells) revealed 
that BAP1 promotes homologous recombination-mediated DNA double strand break repair.  
 Our data suggest that BAP1 exerts its tumor suppressor function by controlling error-
free DNA repair by homologous recombination. Thus, in a situation of BAP1 inactivation, 
cells might become more reliant on non-homologous end joining, an error-prone DNA repair 
mechanism, which would result in the accumulation of mutations and chromosomal 
aberrations, causing genomic instability. Further studies are required to delineate the exact role 
of BAP1 in transcription and to define how deregulation of H2A ubiquitination pathway 
contributes to cancer. Defining the mechanisms of tumor suppression is of great interest, not 
only for understanding cancer development, but also for designing rational cancer therapies. 
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1. INTRODUCTION 
 
1.1 SYSTÈME D’UBIQUITINE 
1.1.1 UBIQUITINATION 
Conservée de la levure à l’humain, l’ubiquitine (Ub) est une protéine essentielle 
exprimée de manière ubiquitaire chez les eucaryotes (1, 2). L’attachement de molécules d’Ub 
à son substrat est une modification post-traductionnelle nommée ubiquitination. Cette réaction 
est hautement coordonnée et se fait en trois étapes. D’abord, il y a l’activation de l’Ub par 
l’ATP qui est catalysée par l’enzyme E1. Ensuite, E1 livre l’Ub activée à l’enzyme E2. 
Finalement, la ligase E3 catalyse le transfert spécifique de l’Ub du E2 à une lysine (K) ou à 
l’extrémité N-terminal du substrat (3, 4). De là, d’autres molécules d’Ub peuvent alors se 
rajouter par les enzymes E2 et E3, parfois avec l’aide du facteur E4, pour former des chaînes 
de polyubiquitines (5). En effet, l’Ub contient elle-même 7 lysines (K6, K11, K27, K29, K33, 
K48 et K63) qui peuvent être utilisées pour la formation d’une variété de chaînes homo- ou 
hétéro- typiques d’Ub (6). Une protéine peut alors être poly-, multi- ou mono- ubiquitinée 
formant ce qu’on appelle le code d’Ub qui peut déclencher un événement particulier (7). Par 
exemple, les chaînes de polyubiquitines liées par K48 ciblent le substrat à la dégradation 
protéique par le protéasome, tandis que les chaînes liées par K63 et la monoubiquitination ont 
été impliquées dans des processus de signalisation et de traffic intracellulaire (8). 
 
1.1.2 DÉUBIQUITINATION 
De manière similaire à d’autres modifications post-traductionnelles, l’ubiquitination 
est une réaction réversible et les enzymes assurant cette fonction se nomment les 
déubiquitinases (DUBs). Le génome humain encode environ 100 DUBs dont la majorité sont 
potentiellement actifs (9). Ces protéases peuvent être subdivisés en 6 sous-familles selon la 
structure de leur domaine catalytique : les hydrolases C-terminal de l’Ub (UCHs), les 
protéases spécifiques à l’Ub (USPs), les protéases des tumeurs ovariennes (OTUs), les 
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protéases au domaine protéique de la maladie de Machado-Joseph (MJDs), les 
métalloenzymes JAB1/MPN+/MOV34 (JAMMs) et la famille récemment découverte des 




Figure 1.1 : Les six sous-familles des déubiquitinases. Les membres des sous-familles USP, 
UCH, OTU, MJD, JAMM et MCPIP sont représentés et les différents domaines/motifs de ces 
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1.1.2.1 Rôles des déubiquitinases 
Les DUBs jouent un rôle majeur dans le maintien du pool d’Ubs libres dans les 
cellules et ce, de deux façons (10). Premièrement, des DUBs spécialisées, tel que USP5/IsoT, 
sont nécessaires pour la génération d’Ubs libres à partir de leurs précurseurs (14). En effet, 
l’Ub est encodée par 4 gènes (UBC, UBB, UBA52 et UBA80) et est transcrite en étant 
fusionnée à d’autres molécules d’Ub ou à des protéines ribosomales. L’activité des DUBs 
permet donc la maturation de l’Ub. Deuxièmement, l’Ub peut être recyclée par les DUBs 
associées au protéasome, telles que USP14, UCHL5 et POH1, qui enlèvent les chaînes d’Ub 
avant que la protéine ne soit dégradée (15). Par ailleurs, les DUBs sont des régulateurs 
importants d’événements impliquant le système d’Ub. Ainsi, les DUBs enlèvent les 
modifications à l’Ub pour renverser une signalisation dégradative ou non-dégradative. De 
plus, certaines DUBs, telle que A20, peuvent également modifier les chaînes d’Ub pour ainsi 
changer d’un type de signal à un autre (16) (Figure 1.2).  
Au cours des dernières années, plusieurs groupes de recherche ont essayé de 
comprendre davantage ces enzymes qui jouent un rôle fondamental dans la biologie du 
système d’Ub. Toutefois, nos connaissances sur les DUBs, quant à leurs rôles et à leurs 
mécanismes d’action, restent encore restreintes. Néanmoins, certaines caractéristiques 
générales des DUBs peuvent être observés. Dans ce qui suit, nous discuterons de deux aspects 
importants des DUBs, leurs spécificités et leurs types de régulation. 
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Figure 1.2 : Rôles des déubiquitinases dans le système d’ubiquitine. Voir texte pour plus 
de détails. E1, E2 et E3 sont respectivement les enzyme E1, enzyme E2 et ligase E3 pour 
l’ubiquitination. DUB, déubiquitinase.  
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1.1.2.2 Spécificité des déubiquitinases 
Une des caractéristiques importantes des DUBs, c’est leur forte spécificité et ce, à 
plusieurs niveaux, allant de la sélection du substrat au type de chaînes d’Ub. 
La spécificité de reconnaissance des substrats par les DUBs peut être assurée par les 
différents motifs/domaines à l’extérieur de leurs sites catalytiques. En effet, les DUBs ont une 
structure modulaire et sont caractérisées par une grande variété de domaines qui peuvent 
médier des interactions protéine-protéine (9, 10). Cela permet donc à la DUB d’établir une 
interaction avec son substrat, soit de manière directe ou indirecte par l’association à des 
complexes multi-protéiques. Par exemple, le domaine N-terminal de la DUB USP7 interagit 
directement avec ses substrats p53 et MDM2 via une séquence consensus (17). De manière 
intéressante, ce domaine d’interaction entre USP7 et p53 est exploité par le virus de Epstein-
Barr. Ainsi, la protéine virale « Epstein-Barr nuclear antigen 1 » se lie à ce domaine pour 
empêcher la déubiquitination de p53, ce qui cause sa déstabilisation et la diminution de 
l’apoptose des cellules infectées (18). Les différents domaines des DUBs permettent 
également l’assemblage de complexes multi-protéiques, ce qui assiste à la sélection du 
substrat. Citons l’exemple de la DUB Ubp8 (l’homologue humain étant USP22) qui fait partie 
du complexe acétyltransférase d’histones, « Spt-Ada-Gcn5-acetyltransferase » (SAGA) (19, 
20). Ce complexe protéique est recruté à la chromatine pour moduler l’état des modifications 
post-traductionnelles des histones durant la transcription (21). L’association de USP22 à ce 
complexe permet la déubiquitination de l’histone H2B qui est un évènement nécessaire à 
l’élongation (22). D'autre part, les domaines des DUBs permettent de moduler leurs 
localisations subcellulaires pour faciliter les interactions spécifiques avec leurs substrats. Par 
exemple, la DUB AMSH est recrutée et activée aux endosomes via son association avec les 
clathrines et la protéine adaptatrice STAM (« Signal transducing adapter molecule ») 
respectivement (23, 24) et ce, pour réguler la dégradation lysosomale des récepteurs de EGF 
(« Epidermal Growth Factor ») et possiblement d’autres protéines ubiquitinées et endocytées 
(25).  
En plus d’être spécifique envers leurs substrats, certaines DUBs montrent des 
préférences aux différents types de chaînes d’Ub (7). Les DUBs de la famille des JAMM (tel 
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que  AMSH, AMSH-LP et BRCC36) semblent être spécifiques envers les chaînes d’Ub liées 
par K63 (23, 26, 27). Tandis que les membres des familles USP et OTU peuvent reconnaître 
différents types de chaînes d’Ub (28). Par exemple, USP14 et CYLD (deux USPs) ont une 
préférence pour les chaînes K48 et K63 respectivement (29, 30). Parallèlement, certains 
membres de la famille des OTUs tel que OTUB1 est spécifique aux chaînes K48 et Cezanne 
est spécifique aux chaînes K11 (31, 32). 
 
1.1.2.3 Régulation des déubiquitinases 
 Les DUBs remplissent des rôles cruciaux dans l’homéostasie de l’Ub et dans la 
régulation des processus impliquant l’Ub. Par conséquent, une régulation précise et stricte de 
son activité enzymatique est, de toute évidence, d’une importance majeure. Les différents 
mécanismes de régulation des DUBs incluent l’activation induite par la liaison au substrat ou 
autres protéines, le contrôle transcriptionnel et les modifications post-traductionnelles.  
Premièrement, certaines DUBs doivent interagir avec leurs substrat ou autres protéines 
pour être pleinement actives. Ainsi, les structures cristallines de UCHL1 et UCHL3 ont révélé 
que, suite à leur association avec l’Ub, ces dernières subissent un changement de conformation 
allostérique permettant leur activation (33, 34). Parallèlement, certaines DUBs doivent être 
incorporées à des complexes multi-protéiques pour être actives, tel est le cas des DUBs 
USP14, UCHL5 et POH1 qui s’activent après leur association au protéasome (35-37). Quant à 
la régulation transcriptionnelle des DUBs, nous pouvons donner l’exemple de CYLD qui est 
induite transcriptionnellement par l’activation des voies NF-kB et MKK3/6-p38 (38). De plus, 
l’activité catalytique de plusieurs DUBs est régulée par des modifications post-
traductionnelles telle que la phosphorylation. Pour illustrer cela, nous pouvons nous référer à 
la phosphorylation inhibitrice de CYLD (39) ou à la phosphorylation activatrice de A20 (40). 
Récemment, plusieurs protéines associées aux DUBs ont été révélées par une étude de 
purification systématique de leurs complexes protéiques (41). L’identification et la 
caractérisation de ces interactions protéine-protéine permettront une meilleure compréhension 
de la régulation et de la fonction des DUBs. 
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1.2 UBIQUITINATION DES HISTONES 
Durant la dernière décennie, les ligases E3 et les DUBs ont émergé en tant que 
régulateurs majeurs de plusieurs processus cellulaires et principalement ceux qui impliquent la 
chromatine (42, 43). Le tout a débuté par la découverte de l’Ub qui a été trouvée alors 
conjuguée à l’histone H2A, la protéine la plus ubiquitinée de la cellule (44). L’ubiquitination 
des histones permet de coordonner une multitude d’évènements nucléaires telles que la 
réponse aux dommages à l’ADN et la transcription des gènes. Dans ce qui suit, nous 
discuterons du rôle de l’ubiquitination/la déubiquitination des histones dans la réponse aux 
dommages à l’ADN. Le rôle du système d’Ub dans la transcription génique sera abordé de 
manière beaucoup plus détaillée au Chapitre 2 de cette thèse. 
 
1.2.1 UBIQUITINATION DES HISTONES ET RÉPONSE AUX BRIS DOUBLE BRIN 
D’ADN 
1.2.1.1 Réponse aux dommages à l’ADN 
L’ADN peuvent être endommagé de manière spontanée par des sources internes ou par 
des sources externes de l’environnement (45, 46). Les altérations spontanées d’ADN qui sont 
générées par des processus cellulaires normaux incluent les mésappariements de bases et les 
insertions/délétions dus aux erreurs de la polymérase d’ADN, les bris simple brin d’ADN 
causés par l’abortion de l’activité des topoisomérases et l’oxydation des bases par les espèces 
réactives d’oxygène dérivées du métabolisme normal des cellules. Il a été estimé que les 
cellules subissent spontanément jusqu’à 105 dommages à l’ADN au quotidien (46).  
Les sources externes de dommages d’ADN peuvent être de nature physique (les 
radiations ionisantes (IR, « ionizing radiation ») et ultraviolettes (UV)) ou de nature chimique 
(47). Les IRs induisent l’oxydation des bases de l’ADN et génèrent des bris simple brin et 
double brin d’ADN (SSB, DSB, « single strand break, double strand break »), tandis que les 
radiations UV causent des photo-produits tels que les dimères de pyrimidines et les adduits 
pyrimidine (6-4) pyrimidone. Différents agents chimiques peuvent causer une variété de 
dommages de l’ADN. Par exemple, les inhibiteurs de topoisomérases (la camptothécine et 
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l’étoposide) induisent des SSBs et des DSBs. Les agents « cross-linking » d’ADN (la 
mitomycine C, la diepoxybutane et la cisplatine) introduisent des liens covalents entre les deux 
brins d’ADN (ICL, « Inter-strand crosslink ») qui bloquent la réplication et la transcription. 
Afin de se défendre contre ces assauts génomiques, les cellules sont dotées de 
mécanismes de protection, qui forment collectivement la réponse aux dommages à l’ADN 
(DDR, « DNA damage response »). La réponse aux dommages à l’ADN joue un rôle capital 
dans le maintien de l’intégrité génomique. Ainsi, sa dérégulation a été impliquée de manière 
causale à une multitude de syndromes d’instabilité génomique : le cancer, les maladies neuro-
dégénératives, la déficience immune, l’infertilité et autres (48).  
 
1.2.1.2 Signalisation du dommage à l’ADN 
La DDR est une voie de transduction de signal qui permet de sentir les dommages à 
l’ADN et d’établir un programme de défense selon le type de dommage (48, 49). De manière 
générale, la DDR suit le modèle classique des voies de transduction de signal et est composée 
des 3 acteurs suivants : les senseurs, les transducteurs de signaux et les effecteurs (Figure 1.3). 
Premièrement, les dommages à l’ADN ou stress réplicatifs sont détectés par des senseurs, qui 
sont des protéines de la famille des PIKKs (« Phosphatidylinositol 3-kinase-related 
kinases ») : ATM (« Ataxia telangiectasia mutated », ATR (« ataxia telangiectasia and Rad3-
related ») et DNA-PK (« DNA-dependent protein kinase ») ou des membres de la famille des 
PARPs (« poly (ADP-ribose) polymerases ») : PARP1 et PARP2 (48). ATM et DNA-PK sont 
recrutés et activés par les dommages de l’ADN de type double brin, tandis que ATR est activé 
suite à son recrutement aux régions de simple brin d’ADN enrobées de la protéine RPA (50, 
51). PARP1 et PARP2, quant à eux, sont activés par les bris simple ou double brin d’ADN. 
Ces enzymes catalysent l’ajout de chaînes de poly (ADP-riboses) aux protéines (tels que les 
histones) des régions endommagées pour le recrutement subséquent de facteurs de la réponse 
aux dommages de l’ADN (52).   
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Figure 1.3 : Cascade de signalisation de la réponse aux dommages à l’ADN. Voir texte 
pour plus de détails. Tiré de Jackson et Bartek, Natutre, 2009 (48). 
 
Les voies de signalisation des kinases ATM et de ATR sont les mieux caractérisées. 
Suite à l’activation de ATM et de ATR, ces derniers phosphorylent des protéines médiatrices 
qui permettent une amplification du signal, le recrutement de substrats additionnels et une 
transmission spécifique du signal aux transducteurs (53). Notons que ces voies de signalisation 
ne sont pas linéaires. Par exemple, les senseurs peuvent directement phosphoryler les 
transducteurs et les médiateurs peuvent participer à plus d’une étape de la signalisation. Les 
transducteurs majeurs des voies ATM et ATR sont leurs substrats CHK2 et CHK1 
respectivement (54). CHK1 et CHK2 sont des kinases avec une spécificité modérée de substrat 
ce qui permet une propagation importante du signal à travers le noyau en phosphorylant une 
multitude d’effecteurs (55). Ces cibles ultimes de la réponse aux dommages à l’ADN incluent 
les régulateurs du cycle cellulaire et de la réplication, les facteurs de transcription, la 
machinerie de réparation de l’ADN, la signalisation métabolique ainsi que les régulateurs de 
l’apoptose et de la sénescence (48, 49) (Figure 1.3). Ainsi, lors d’un dommage à l’ADN, 
CHK1 et CHK2 inhibent l’activité des régulateurs positifs du cycle cellulaire (CDC25A et 
CDC25C) et activent la voie p53 ce qui permet de ralentir ou d’arrêter la progression du cycle 
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cellulaire (55, 56). De ce faisant, la cellule aura davantage de temps pour la réparation de 
l’ADN. Parallèlement, les signalisations ATM et ATR activent la réparation de l’ADN en 
promouvant la transcription, l’activation et le recrutement de protéines de la réparation aux 
sites du dommage (48). Toutefois, si les dommages ne peuvent être réparés, la persistance du 
signal de dommage à l’ADN activerait l’apoptose ou la sénescence pour empêcher la 
propagation de ces cellules au génome endommagé (57, 58). Par ailleurs, de récentes études 
protéomiques sur le dynamisme des phosphopeptides suite au dommage à l’ADN ont identifié 
de nombreux sites de phosphorylation encore non caractérisés (59, 60). Ainsi, il est fort 
probable que la DDR coordonne une plus grande variété de processus cellulaires afin de 
préserver l’intégrité génomique. Dans ce qui suit, nous aborderons un des processus cellulaires 
majeurs régulés par la DDR : la réparation de l’ADN.  
 
1.2.1.3 Mécanismes de réparation de l’ADN 
Étant donné de la diversité des types de dommage à l’ADN, différents mécanismes de 
réparation ont évolué pour contrecarrer ces derniers (48). Certains dommages peuvent être 
réparés directement par l’action d’une protéine qui renverse la modification, tels que 
l’enlèvement du groupement O6-methyl de O6-methylguanine par la méthyltransférase d’ADN 
de méthylguanine (61). Toutefois, la majorité des dommages à l’ADN nécessite l’action de 
plusieurs protéines exécutant/régulant différents évènements pour leur réparation. Les bases 
d’ADN altérées chimiquement (bases oxydées, alkylées ou désaminées) sont enlevées et 
réparées par la réparation par excision de base (BER, « base excision repair), tandis que les 
bases d’ADN mésappariées sont remplacées par les bonnes bases par la réparation des 
mésappariements (MMR, « mismatch repair ») (62, 63). Les dommages simple brin d’ADN 
sont corrigés par la réparation des simples brins (SSBR, « single strand break repair ») qui 
utilise certains processus communs au BER et les dommages double brin sont réparés par deux 
voies de réparation : la réparation par jonction d'extrémités non-homologues (NHEJ, « non-
homologous end joining » et la recombinaison homologue (HR, « homologous 
recombinaison ») (64-66). Si la NHEJ offre une réparation potentiellement mutagénique en re-
lignant directement les bouts des bris double brin d’ADN (peu importe s’il s’agit ou non du 
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même chromosome), la HR assure, quant à elle, une conservation de la séquence génomique 
de la région endommagée en utilisant la chromatide soeur comme modèle pour la réparation. 
D’autre part, certains dommages ne sont pas réparés, mais plutôt tolérés (67). Ainsi, lors de la 
réplication, certains dommages de l’ADN peuvent être contournés par des polymérases 
spécialisées de la synthèse trans-lésionnelle (TLS, « translesion synthesis ») qui sont moins 
strictes au niveau de l’appariement des bases que les polymérases de la réplication (68). Pour 
les dommages un peu plus complexes qui bloquent la réplication, tels que les dimères de 
pyrimidines et les « crosslinks » d’inter-brins d’ADN, ces derniers sont réparés, 
respectivement, par la réparation par excision de nucléotide (NER, « nucléotide excision 
repair ») qui enlève une région d’oligonucléotides contenant le dommage et la réparation des  
« crosslinks » d’inter-brins d’ADN (ICL repair, « Inter-strand crosslink repair ») utilisant des 
composants de la NER, de la TLS, de la HR et des protéines impliquées dans la maladie 
génétique de l’anémie de Fanconi (46, 69). Le Tableau I.I regroupe les composants clé de 
chacune de ces voies de réparation de l’ADN.  
 
Tableau I.I : Mécanismes de réparation de l’ADN et ses composantes 
 
Tiré de Jackson et Bartek, Natutre, 2009 (48). 
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Due à son haute importance et à sa complexité, la DDR est hautement régulée et ce, 
principalement par des modifications post-traductionnelles pour permettre des réponses 
rapides, spécifiques et modulables (70). La modification par l’Ub est fortement employée par 
la cellule afin d'assurer la régulation de divers aspects de la DDR (71). En particulier, 
l’ubiquitination des histones est un évènement essentiel permettant la coordination de la DDR 
et le recrutement de la machinerie de réparation aux sites endommagés. Dans cette section de 
la thèse, nous discuterons du rôle de l’ubiquitination des histones et plus spécifiquement, dans 
la réponse aux bris double brin d’ADN. 
 
1.2.1.4 Réparation des bris double brin d’ADN 
Tel que mentionné plus haut, les DSBs sont des dommages hautement génotoxiques 
qui sont réparés par deux voies majeures : la HR et la NHEJ (65, 66). La HR utilise la 
séquence homologue se localisant sur la chromatide soeur comme modèle pour la réparation 
(66). La HR est initiée par la résection des bouts 5’ des DSBs par des nucléases et hélicases 
permettant la génération de simples brins 3’ d’ADN. Ces fragments simples brins d’ADN 
seront par la suite recouverts de la recombinase RAD51, permettant la recherche d’homologie 
et l’invasion du chromosome soeur. La réaction est suivie et complétée par la synthèse de 
l’ADN et la ligation des brins d’ADN. Quoique la HR permette une réparation sans erreur, 
celle-ci présente quelques inconvénients. Dépendante de la présence d’une chromatide soeur, 
la HR ne peut avoir lieu qu’uniquement après la synthèse de l’ADN, donc seulement durant 
les phases S et G2. De plus, cette voie de réparation est plutôt lente. Inversement, le NHEJ 
permet une réparation rapide des DSBs en joignant directement les bouts double brin d’ADN 
par l'implication, entre autres, de l’hétérodimère Ku70-Ku80 et de la kinase DNA-PK (65). 
Toutefois, cette voie de réparation peut causer des délétions, de petites insertions aux sites du 
dommage et même des translocations de chromosomes en joignant des DSBs de différentes 
parties du génome. Le NHEJ est actif à travers le cycle cellulaire, mais préférentiellement en 
G1. 
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1.2.1.5 Cascade de signalisation de la réponse aux bris double brin d’ADN 
De la détection du DSB au choix de la voie de réparation, un assemblage hiérarchique 
de protéines régulatrices de la DDR aux sites du dommage a lieu, et forme les foyers de 
réparation, tels que les foyers induits par les radiations ionisantes (IRIFs, « ionizing radiation 
induced foci ») (72). Cette cascade de signalisation implique l’ubiquitination des histones par 
RNF8-RNF168, par les protéines du groupe des Polycombs (PcG) et par l’hétérodimère 
RNF20-RNF40 (Figure 1.4). 
 
 
Figure 1.4 : Différentes voies de signalisation impliquant l’ubiquitnation des histones en 
réponse aux bris double brin d’ADN. NHEJ, la jonction d'extrémités non-homologues. HR, 
recombinaison homologue. Voir texte pour plus de détails. 
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1.2.1.5.1 Ubiquitination des histones par les ligases E3 RNF8-RNF168 
D’abord, lors d’un DSB, celui-ci est rapidement détecté par le complexe MRN 
(MRE11-RAD50-NBS1), ce qui permet le recrutement de la kinase ATM pour catalyser la 
phosphorylation de l' histone variant H2AX bordant le site du dommage (73, 74). Cette 
phosphorylation au résidu S139 de H2AX (γH2AX) est catalysée principalement par ATM 
mais peut également l’être par DNA-PK (75, 76). γH2AX est alors reconnu par la protéine 
médiatrice MDC1 qui joue un rôle essentiel dans le recrutement subséquent de régulateurs 
associés aux IRIFs (77). MDC1 est ensuite phosphorylé par ATM et les phospho-sites induits 
sont reconnus par la ligase E3 RNF8 permettant son recrutement aux sites du dommage (78-
80). Associée à HERC2 et à l’enzyme E2 UBC13, RNF8 catalyse la formation de chaînes 
d’Ub K63 aux sites du dommage (81). Par la suite, une autre ligase E3 RNF168 est recrutée 
via son domaine de liaison à l’Ub qui reconnait ces chaînes d’Ub générées par RNF8 (82). De 
là, RNF168 va mono-ubiquitiner les histones H2A et H2AX, spécifiquement aux résidus K13-
15, suivi d’une extension en chaîne d’Ub K63 (83). Ainsi, les activités d’ubiquitination de la 
chromatine de RNF8 et RNF168 créent une plateforme de recrutement d’effecteurs incluant 
53BP1 et BRCA1 pour promouvoir soit le NHEJ ou la HR respectivement.  
53BP1 est un « reader » bivalent de modifications d’histones qui est recruté aux sites 
du dommage via des interactions avec H4K20 diméthylé et H2AK15 ubiquitiné (84). Par 
ailleurs, il a été récemment montré que la déphosphorylation et l’ubiquitination de 53BP1 sont 
importantes pour son recrutement aux IRIFs et sa fonction (85, 86). Associé à RIF1, 53BP1 
bloque la résection des DSBs ce qui favorise la réparation de l’ADN par le NHEJ (87, 88). 
Cependant, en phases S et G2, cette protection des bouts des DSBs à la résection est contrariée 
par la ligase E3 BRCA1. BRCA1 est recruté aux sites du dommage par son association à la 
protéine RAP80 qui reconnait les chaînes d’Ub K63 des histones H2A et H2AX (89, 90). 
BRCA1 déplace 53BP1 des sites du dommage, active la résection des bouts 5’ des DSBs et 
initie la HR pour permettre la réparation du dommage (91, 92).  
Les évènements d’ubiquitination par RNF8-RNF168 sont opposés par plusieurs 
DUBs : BRCC36, POH1/PSMD14, USP3, USP44, OTUB1 et OTUB2. BRCC36 est un DUB 
spécifique des chaînes d’Ub K63. En tant que protéine intégrale du complexe BRCA1-RAP80, 
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BRCC36 est requis pour une réponse adéquate aux DSBs en assurant un état d’équilibre du 
niveau d’Ub aux sites du dommage (27, 89, 90, 93, 94). La DUB associée au protéasome 
POH1/PSMD14 a également été démontrée d’opposer le rôle de RNF8-RNF168 dans 
l’accumulation de 53BP1 aux IRIFs (95). USP3 et USP44 inhibent le recrutement de RNF168 
aux IRIFs (82, 96). OTUB1, quant à elle, a été démontrée de réguler négativement 
l’ubiquitination médiée par RNF168 de manière indépendante à son activité catalytique (97). 
En effet, OTUB1 se lie directement à l’enzyme E2 UBC13 qui est chargée de la molécule 
d’Ub, pour ainsi empêcher son interaction avec RNF168 (98, 99). Récemment, OTUB2 a 
également été reportée d’être impliquée dans la suppression des chaînes d’Ub K63 médiées 
par RNF8 pour coordonner la réponse aux DSBs (100).  
 
1.2.1.5.2 Ubiquitination de H2A et H2AX par le complexe PcG PRC1 
En plus de la polyubiquitination, la monoubiquitination des histones est également 
impliquée dans la réponse aux DSBs.  
Récemment, plusieurs études ont démontré que les protéines répressives de la 
transciption PcG jouent un rôle important dans la réponse aux DSBs (101-105). La perte de 
fonction de ces gènes diminue l’efficacité des cellules à réparer les DSBs et augmente leur 
sensibilité aux agents induisant ces dommages. Ainsi, il a été montré que les composants 
majeurs du complexe PRC1, BMI1 et RING1B, sont rapidement recrutés aux DSBs et 
catalysent la monoubiquitination de H2A et de H2AX au résidu K119 (101-103). Lors d’un 
DSB, il y a une répression transcriptionnelle qui se répand sur quelques kilobases de la 
chromatine en cis du site de dommage. Ce phénomène se nomme DISC (« double-strand 
break-induced silencing in cis »). Il a été suggéré que cela a pour but de prévenir les 
mouvements de la chromatine autour du DSB afin de maintenir le bouts d’ADN à proximité 
pour une réparation adéquate (106). Ainsi, le recrutement du complexe PRC1 aux DSBs 
suggère un rôle dans la régulation de cette répression génique induite par un dommage à 
l’ADN par la modification des histones. Effectivement, il a été démontré que BMI1 
s’accumule aux sites endommagés pour réprimer l’élongation de la transcription dans la région 
autour du DSB (104). De manière intéressante, il a été montré que cette répression 
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transcriptionnelle induite par les DSBs dépend de RNF8 et de RNF168 (106). Par conséquent, 
il est possible qu’une collaboration entre l’action de RNF8-RNF168 et des protéines PcG soit 
nécessaire pour coordonner la réponse aux DSBs.  
Outre sa fonction répressive de la transcription, la monoubiquitination des histones par 
RING1B-BMI1 a été reportée d’être un élément initiateur de la réponse aux DSBs puisqu’elle 
est requise pour le recrutement de ATM et de MDC1 à la chromatine suite au dommage de 
l’ADN (103). Cependant, une autre étude a plutôt montré un recrutement tardif de BMI1 qui 
est dépendant de RNF8 (101). Ainsi, d’autres études plus approfondies seront nécessaires afin 
de comprendre le rôle exact de l’ubiquitination de H2A et de H2AX par les protéines PcG.  
Quant à la régulation de la monoubiquitination de H2A aux DSBs par les DUBs, elle 
est encore très peu connue. Á ce jour, seule la DUB USP16 a été impliquée dans la régulation 
du niveau de H2A ubiquitinée suite à un dommage à l’ADN pour restaurer la transcription 
(106). Toutefois, le recrutement de USP16 aux DSBs est peu clair et son rôle exact dans la 
réponse aux DSBs reste à être défini de manière plus détaillée.  
 
1.2.1.5.3 Ubiquitination H2B par l’hétérodimère RNF20-RNF40 
 L’ubiquitination de l’histone H2B par RNF20-RNF40 a également été impliquée dans 
la réponse aux DSBs en promouvant la décondensation de la chromatine aux sites du 
dommage (107, 108). Lors d’un DSB, ces ligases E3 sont recrutées aux sites du dommage 
pour mono-ubiquitiner H2B, ce qui promeut la méthylation de H3K4 et le recrutement des 
facteurs de remodelage de la chromatine (108). Ces derniers évènements permettent 
d’augmenter l’accessibilité des sites endommagés pour la machinerie de réparation (70, 109). 
Ainsi, il a été montré que la déplétion de RNF20 ou l’expression d’un mutant H2B sans le site 
d’ubiquitination empêche la résection de l’ADN et le recrutement de BRCA1 et de RAD51 
(108).  
Il sera intéressant de comprendre comment ces signaux de décondensation (H2Bub) et 
de condensation (H2Aub) de la chromatine s’organisent entre eux afin de coordonner la 
réparation de l’ADN avec la transcription génique des régions proximales du DSBs.  
	   18	  
1.3 CIBLER LE SYSTÈME D’UBIQUITINE EN CANCER 
Le système d’Ub contrôle virtuellement tous les processus cellulaires, allant de la 
progression du cycle cellulaire à la transcription des gènes en passant par la réparation de 
l’ADN. Il est alors peu surprenant que des mutations de ce système soient associées à une 
multitude de maladies, y compris le cancer (110). Nous pouvons citer les dérégulations du 
système d’Ub des voies p53 et NF-κB. 
p53 est un suppresseur de tumeur majeur qui, en cas de stress, initie l’arrêt du cycle 
cellulaire, la sénescence ou l’apoptose (111). p53 est hautement régulé par les actions 
opposées et collaboratives de l’ubiquitination et de la déubiquitination (112). Dans des 
conditions hors stress, le niveau de p53 est maintenu bas par l’action de la ligase E3 MDM2, 
qui catalyse son ubiquitination menant à sa dégradation. Un contrôle dynamique de cette voie 
p53-MDM2 est assuré par la déubiquitination de p53 et de MDM2 par la DUB USP7/HAUSP. 
Dans plusieurs cancers, l’amplification du gène mdm2 ou l’altération de l’expression de la 
protéine MDM2 a été observée (113). Ayant une surexpression de l’oncogène mdm2, les 
cellules cancéreuses échappent donc à la surveillance de p53 qui est déstabilisé. 
NK-κB est le facteur de transcription majeur régulant les gènes de la réponse immune 
innée et adaptative afin de promouvoir la production de cytokines et la survie cellulaire (114, 
115). En condition normale, NK-κB est maintenu à l’extérieur du noyau par IκB. Après 
stimulation, IκB est ubiquitiné et dégradé par le protéasome, ce qui libère NK-κB qui va entrer 
dans le noyau pour activer l’expression de ses gènes cibles. La signalisation menant à 
l’activation de cette voie est très complexe et implique, à plusieurs niveaux, le système d’Ub 
(116, 117). Dans le cancer, des altérations de cette signalisation, menant à l’activation 
constitutive de la voie NK-κB, sont fréquemment observées (118). Les régulateurs négatifs de 
cette voie, les DUBs A20 et CYLD, sont notamment inactivés dans divers cancers. 
Comprendre au niveau moléculaire comment la dérégulation du système d’Ub mène à 
la tumorogénèse est important, voire nécessaire, pour développer de nouvelles méthodes de 
diagnostic et de stratégies thérapeutiques contre le cancer. Aux cours des dernières années, 
plusieurs progrès ont été faits, quant à nos connaissances sur le système d’Ub, et ces dernières 
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sont exploitées cliniquement (119, 120). Dans cette section, nous discuterons des différentes 
possibilités d’intervention dans le système d’Ub en vue d’un traitement anti-cancéreux. 
 
1.3.1 INACTIVER L’ENZYME E1 
 En bloquant les premières étapes du système d’Ub, il est possible d’affecter de manière 
globale le système d’Ub. Cela permet, entre autres, d’empêcher la dégradation de suppresseurs 
de tumeurs. Ainsi, PYR-41, l’inhibiteur spécifique du E1 UBA1, permet de stabiliser le 
suppresseur de tumeurs p53 et par conséquent, tuer de manière préférentielle les cellules 
transformées ayant p53 sauvage (121).  Un autre inhibiteur de UBA1 qui est structurellement 
apparenté à PYR-41, PYZD-4409, a également montré des résultats encourageant en tuant 
préférentiellement les cellules malignes par rapport aux cellules normales du sang (122).  
Toutefois, ces molécules peuvent inhiber partiellement l’activité de certaines ligases E3 
démontrant donc leur manque de spécificité.  
 
1.3.2 INHIBER L’ENZYME E2 
 De petites molécules inhibitrices ciblant la deuxième étape de la cascade de 
l’ubiquitination ont également été développées pour le traitement anti-cancer. Le premier se 
nomme CC0651 et est un inhibiteur spécifique de l’enzyme E2 CDC34 (123). CDC34 régule 
la dégradation des protéines régulatrices du cycle cellulaire, tel que l’inhibiteur du cycle 
cellulaire p27KIP1 (124). L’inhibiteur CC0651 agit de manière allostérique en se liant à la 
poche catalytique de CDC34 et cause un changement important de sa structure secondaire, ce 
qui inhibe le transfert de l’Ub. Ainsi, des expériences in vivo ont démontré que cet inhibiteur 
et certains de ses dérivés causent une accumulation de p27KIP1 et un arrêt du cycle cellulaire de 
cellules cancéreuses humaines (123). D’autres inhibiteurs d’enzymes E2 ont été développés et 
ont également démontrent des résultats prometteurs quant à leur capacité de réduire la 
prolifération cellulaire des cellules cancéreuses. Nommons NSC697923 qui est un inhibiteur 
de UBC13 régulant la voie NF-KB (125) et SMI#8 et SMI#9 qui sont des molécules 
inhibitrices de RAD6, une enzyme E2 importante pour la réparation de l’ADN post-réplicative 
	   20	  
qui est surexprimée dans le cancer du sein (126). Ainsi, ces études démontrent que l’inhibition 
des enzymes E2 est un principe possible contre le cancer. 
 
1.3.3 CIBLER LA LIGASE E3 
 Étant donné que les ligases E3 ont une spécificité de substrat, développer des 
inhibiteurs contre ces dernières serait une possibilité intéressante pour un traitement sélectif.  
Citons le cas de p53-MDM2 dans lequel plusieurs approches ciblant MDM2 permettent la 
stabilisation de p53 et l’activation de cette voie suppressive de tumeurs (113, 127). Ainsi, le 
traitement des cellules cancéreuses par des petites molécules inhibitrices de l’activité ligase E3 
de MDM2, tels que HLI98 , MPD, MEL23 et MEL24, a démontré une stabilisation et une 
activation de p53. Toutefois, ces inhibiteurs ont présenté des effets cytotoxiques indépendants 
de p53 (128-130). Le développement d’autres molécules inhibitrices était donc nécessaire. À 
cet égard, les Nutelins qui bloquent l’interaction de p53 et MDM2, ont donné des résultats 
assez prometteurs (131) et RG7112, un dérivé des Nutelins, est actuellement en phase clinique 
I (132). 
 
1.3.4 BLOQUER LE PROTÉASOME 
Durant la dernière décennie, plusieurs inhibiteurs du protéasome ont été développés 
(133, 134). Le premier à être utilisé en clinique est le Bortezomib (Velcade, Millennium 
Pharmaceuticals). Il inhibe de manière réversible les sites catalytiques de la sous-unité 20S du 
protéasome. Ce traitement supprime la voie de prolifération NK-κB en bloquant la dégradation 
de IκB (135). Le traitement avec le Bortezomid résulte également en la stabilisation des 
inhibiteurs du cycle cellulaire p21CIP1 et p27KIP1 et du suppresseur de tumeur p53 causant ainsi 
l’arrêt du cycle cellulaire et l’apoptose des cellules cancéreuses (136, 137). Le Bortezomib est 
maintenant utilisé en tant que traitement de première ligne pour les patients souffrant de 
tumeurs hématologiques, tels que les mélanomes multiples et les lymphomes des cellules du 
manteau. Toutefois, l’acquisition de résistance à cette thérapie est un problème majeur chez 
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les patients, ce qui pousse au développement d’une seconde génération d’inhibiteurs du 
protéasome, tel que le Carfilzomib ou le Marizomib (133).  
Par ailleurs, il est possible de sauver une protéine ubiquitinée de la dégradation sans 
inhiber le protéasome, mais plutôt en prévenant la reconnaissance des chaînes d’Ub par la 
sous-unité 19S du protéasome. Ainsi, les petites molécules d’Ubistatins permettent cela en se 
liant à l’interface hydrophobique des chaînes d’Ub K48 (138). Malheureusement, les 
Ubistatins ne sont pas perméables aux cellules et ne peuvent donc être utilisés en clinique. 
Néanmoins, ils ont démontré que les chaînes d’Ub représentent une cible thérapeutique 
potentielle. 
 
1.3.5 INHIBER LES DÉUBIQUITINASES 
 Manipuler les DUBs en tant que thérapie anti-cancéreuse est relativement récent 
comparé aux interventions ciblant le protéasome ou les ligases E3. Discutons les deux 
exemples suivants : l’inhibiteur des DUBs associées au protéasome et l’inhibiteur de la DUB 
USP7 de la voie p53.  
b-AP15 a été récemment identifié en tant qu’inhibiteur de l’activité de UCH-L5 et 
USP14, deux DUBs importantes pour le clivage des chaînes d’Ubs K48 précédant la 
dégradation du substrat par le protéasome (139). L’inhibition de ces DUBs résulte donc à 
l’accumulation des protéines polyubiquitinées. Par conséquent, il a été montré que le 
traitement au b-AP15 stabilise les inhibiteurs du cycle cellulaire p21CIP1 et p27KIP1 ainsi que 
p53. Cela induit un arrêt G2/M du cycle cellulaire et ce, sans causer de génotoxicité. De 
manière encore plus intéressante, b-AP15 induit l’apoptose des cellules peu importe le statut 
du gène p53 ou de la surexpression de l’inhibiteur de l’apoptose BCL2, ce qui représente un 
avantage thérapeutique intéressant. 
L’importante voie suppressive de tumeur p53 est régulée par la DUB USP7. Par un 
« screen » à haut débit, Chauhan et al. ont identifié la molécule inhibitrice de USP7, P5091 
(140). Cet inhibiteur bloque l’activité de USP7, résultant ainsi en la polyubiquitination de 
MDM2, ce qui cause ensuite la stabilisation de p53. De manière significative, P5091 induit 
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l’apoptose même dans les mélanomes résistants à la thérapie au Bortezomib. Les DUBs sont 
donc de nouveaux cibles thérapeutiques anti-cancer qui présentent de grande potentielle.  
Le système d’Ub joue un rôle considérable dans le contrôle de plusieurs importantes 
voies de signalisation et de maladies humaines. La grande diversité des gènes du système 
d’Ub (plus de 600 gènes de ligases E3 et 100 gènes de DUBs dans le génome humain) offre 
une plateforme intéressante pour le développement de petites molécules inhibitrices. 
Effectivement, plusieurs preuves-de-principe démontrent la faisabilité d’inhibition sélective de 
voie de signalisation en ciblant le système d’Ub. Le succès des inhibiteurs du protéasome 
confirme notamment que cibler le système d’Ub est un traitement efficace contre le cancer 
(141, 142). Toutefois, certains problèmes se présentent comme le développement de résistance 
et les effets non-spécifiques de ces inhibiteurs. Ainsi, une meilleure compréhension des 
composants du système d’Ub aidera à l’identification de nouvelles cibles thérapeutiques. 
 
1.4 BAP1 (BRCA1-associated protein 1) 
1.4.1 IMPLICATION CLINIQUE 
 Au cours des 4 dernières années, plusieurs études génétiques ont simultanément 
identifiés des mutations dans le gène bap1 associées à différents cancers (143). D’abord, Testa 
et al. ont découvert que des mutations dans le gène bap1, qui est localisé dans le chromosome 
3p21, prédisposaient au développement du mésothéliome malin (144-146). Parmi les 26 cas de 
mésothéliomes sporadiques, 2 cas comportaient des mutations germinales de bap1 et ont 
précédemment développé le mélanome de l’uvée. Parallèlement, une autre étude a identifié 
bap1 en tant que gène fréquemment muté (84%) dans les mélanomes de l’uvée à risque élevé 
de métastase (147). Ainsi, il a été proposé que l’inactivation de bap1 causerait un nouveau 
syndrome qui est caractérisé par le développement cancéreux des surfaces mésothéliales et de 
l’uvée (144). D’autre part, des mutations germinales de bap1 ont été associées, avec une forte 
pénétrance, à la tumorogénèse des mélanocytes qui est caractérisée par une histologie atypique 
(148, 149). Subséquemment, des mutations homozygotes de bap1 ont été identifiées dans 
plusieurs autres types de cancers tel que le cancer du rein et du sang (150, 151). Ainsi, le large 
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éventail de cancers associés aux mutations bialléliques de bap1 suggère qu’il s'agit d’un 
important gène suppresseur de tumeurs jouant un rôle fondamental dans de multiple tissus 
(152). 
 
1.4.2 DÉCOUVERTE DE BAP1 
BAP1 a été initialement identifié pour son interaction avec le suppresseur de tumeur 
BRCA1(153). Dans cette étude, Jensen et al., ont trouvé que cette DUB nucléaire interagissait 
physiquement avec BRCA1 et que la surexpression de BAP1 augmentait l’inhibition de la 
prolifération médiée par BRCA1 des cellules du cancer du sein. Ils ont également trouvé des 
mutations homozygotes de bap1 dans la lignée cellulaire de cancer de poumon H226. Ainsi, 
ils ont proposé que bap1 serait un nouveau gène suppresseur de tumeurs. Dix ans plus tard, 
Ventii et al. ont effectivement confirmé l’activité suppressive de tumeurs de BAP1 en 
démontrant que ce dernier est capable d’inhiber la tumorogénèse des cellules H226 in vivo 
dans des souris athymiques (154). Par ailleurs, ils ont montré que l’inhibition de croissance de 
BAP1 est indépendante de BRCA1.  Ainsi, le lien entre BAP1 et BRCA1 est resté 
énigmatique. Chez la drosophile, Drosophila melanogaster, l’homologue de bap1 se nomme 
calypso et est un gène PcG requit pour la répression des gènes homéotiques (155). Toutefois, 
chez les vertébrés, très peu est connu sur la fonction cellulaire de BAP1 et encore moins sur 
son mécanisme d’action.  
 
1.4.3 STRUCTURE DE BAP1 
 Structurellement, BAP1 est une DUB possèdant à son extrémité N-terminal le domaine 
catalytique caractéristique de la famille des UCHs. De manière intéressante, BAP1 contient un 
large domaine régulateur qui n’est pas présent chez les autres membres de la famille des 
UCHs ni chez son homologue de la drosophile (9, 155). BAP1 est une protéine nucléaire avec 
deux NLSs (signal de localisation nucléaire, « nuclear localization signal ») et un domaine 
coiled-coil à son extrémité C-terminal (Figure 1.5). 
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Figure 1.5 : Illustration graphique de BAP1 (humain) et de Calypso (drosophile) et de 
leurs domaines protéiques. UCH : domaine d’hydrolase C-terminal de l’Ub, HBM : motif de 
liaison à HCF-1, domaine « coiled-coil », NLS : signal de localisation nucléaire. Le site 
d’interaction avec BRCA1 est montré. 
 
1.5 OBJECTIFS DE LA THÈSE 
Depuis sa découverte, BAP1 a suscité beaucoup d’intérêt en raison de son activité 
suppressive de tumeurs. Avec la récente rafale de publications décrivant les mutations 
germinales de bap1 et démontrant ainsi, qu’il s'agit d’un gène de susceptibilité de cancer, 
BAP1 a soulevé plus de questions que jamais. 1) Quelle est sa fonction biologique? Étant 
donné que des mutations de bap1 ont été impliquées dans la tumorogénèse de différents tissus, 
est-ce possible qu’il s'agit d’un gène qui régule plusieurs processus cellulaires? 2) En tant que 
DUB, quel est donc le substrat de BAP1? Quel est son mécanisme d’action? 3) Et surtout, 
comment exerce-t-il son activité suppressive de tumeurs?  
 
Ainsi, les objectifs de cette thèse étaient: 
1) De caractériser les complexes formés par BAP1 pour définir son rôle biologique et son 
mécanisme d’action. (Chapitre 3) 
2) De révéler les bases moléculaires de la fonction suppressive de tumeurs de BAP1.  
(Chapitre 4) 
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2.1 RÉSUMÉ 	  	   L’ubiquitination joue un rôle central dans la régulation de nombreux processus 
cellulaires en rivalisant ou en coopérant avec d'autres modifications post-traductionnelles. Il 
est donc peu surprenant que des mutations de gain ou de perte de fonction des composants du 
système d'Ub sont liées de manière causale à des pathologies humaines tel que le cancer. La 
fixation covalente de l'Ub à des protéines cibles se produit en étapes successives et implique 
les ligases d’Ub (E3), les enzymes les plus abondantes du système d'Ub. Bien que souvent 
associée à la dégradation par le protéasome, l’ubiquitination est également impliquée dans des 
événements de signalisation. De plus, l'ubiquitination est réversible et des protéases 
spécifiques, nommées déubiquitinases (DUBs), sont responsable de l’enlèvement de l'Ub des 
substrats. La signalisation par l'Ub est très importante pour la coordination des processus 
physio-pathologiques. Toutefois, leurs mécanismes moléculaires ne sont pas encore 
pleinement compris. Cette revue résume les conclusions actuelles sur les fonctions essentielles 
exercées par les E3s et les DUBs dans le contrôle de la transcription et principalement dans le 
remodelage de la chromatine et l’initiation/l’élongation de la transcription. 	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2.2 SUMMARY 	  
Rivaling or cooperating with other post-translational modifications, ubiquitination 
plays central roles in regulating numerous cellular processes. Not surprisingly, gain- or loss-
of-function mutations in several components of the ubiquitin system are causally linked to 
human pathologies including cancer. The covalent attachment of ubiquitin to target proteins 
occurs in sequential steps and involves ubiquitin ligases (E3s) which are the most abundant 
enzymes of the ubiquitin system. Although often associated with proteasomal degradation, 
ubiquitination is also involved in regulatory events in a proteasome-independent manner. 
Moreover, ubiquitination is reversible and specific proteases, termed deubiquitinases (DUBs), 
remove ubiquitin from protein substrates. While we now appreciate the importance of 
ubiquitin signaling in coordinating a plethora of physio-pathological processes, the molecular 
mechanisms are not fully understood. This review summarizes current findings on the critical 
functions exerted by E3s and DUBs in transcriptional control, particularly chromatin 
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2.3 INTRODUCTION 	  
Ubiquitin (Ub) is an essential 76 amino acid protein ubiquitously expressed and highly 
conserved from yeast to humans (1, 2). The Ub conjugation reaction, termed ubiquitination 
(also ubiquitinylation or ubiquitylation), is catalyzed by the sequential action of Ub-activating 
(E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes, and results in the attachment of a 
Ub moiety either to the ε-amino group of a lysine (K) residue or the amino-terminus of a 
polypeptide (3, 4). Covalently attached to target proteins, Ub constitutes a signaling module 
that either induces proteasomal degradation or modulates protein activity depending on the 
nature of the modification, e.g. monomer or Ub chains (6, 156). Indeed, Ub itself contains 7 
lysines (K6, K11, K27, K29, K33, K48 and K63) that serve as attachment sites for further 
addition of Ub molecules allowing formation of various homo- and hetero- typic chains 
potentially associated with diverse signaling events (6). Ubiquitination is a reversible 
modification and deubiquitinating enzymes (DUBs) catalyze the removal of Ub from targeted 
substrates. In addition to housekeeping functions associated with the recycling and metabolism 
of ubiquitin, DUBs act to spare proteins from degradation or to modulate their function (9-11). 
During the last decade, E3s and DUBs have emerged as important regulators of diverse 
cellular processes ranging from receptor signaling at the plasma membrane, to transcription 
regulation and DNA damage responses in the nucleus. In this review, we describe the roles of 
ubiquitination in transcription regulation. We first discuss recent advances on the concerted 
action of E3s and DUBs in regulating chromatin structure via histone ubiquitination. In the 
second part, we select two examples of transcription factors whose ubiquitination plays major 
roles in exquisitely coordinating their function. Finally, we summarize the state of knowledge 
on ubiquitin-mediated regulation of RNA polymerase II (Pol II) representing yet another level 
of transcriptional control.  
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2.4 HISTONE UBIQUITINATION IN TRANSCRIPTION REGULATION 	  
Histones allow compaction of DNA into nucleosomes, the basic units of chromatin. 
The nucleosome is composed of 147 base pairs of DNA wrapped twice around an octamer of 
four core histones (H2A, H2B, H3 and H4) (157). Chromatin compaction and decompaction 
play crucial roles in DNA-associated processes, and histone modifications (acetylation, 
methylation, phosphorylation and ubiquitination) represent major mechanisms of chromatin 
function (158). Moreover, these histone modifications influence one another and the 
coexistence of specific modifications throughout the genome directs either gene expression or 
silencing events (159). Histone H2A was the first ubiquitinated protein to be identified; indeed 
this modification is one of the most abundant in mammalian cells (5-15% of total H2A in a 
variety of higher eukaryotic organisms) (44). Although polyubiquitination of H2A has been 
reported, monoubiquitinated K119 (H2Aub) appears to be the major form (160). H2B is also 
ubiquitinated, but in contrast to H2Aub which has not been found in Saccharomyces 
cerevisiae, H2Bub is conserved from yeast (K123) to human (K120) (161). A significant 
number of studies provided insights into the roles of H2A/B ubiquitination in transcriptional 
regulation, and this resulted in several mechanistic models: 1) Histone ubiquitination affects 
chromatin structure, which in turn regulates the accessibility of DNA to the transcriptional 
machinery. 2) Ub moieties constitute signaling molecules which mediate the recruitment of 
downstream regulators that activate or inhibit transcription. 3) Through trans-histone crosstalk, 
histone ubiquitination acts as a prerequisite modification for other histone modifications that 
alter the structure and function of chromatin (162). Recent findings suggest that an intricate 
interplay between these non-mutually exclusive mechanisms coordinates gene expression. In 
the following section, we discuss how ubiquitination/deubiquitination of H2B and H2A 
control transcription through the analysis of enzymes and cofactors catalyzing these reactions. 
 
2.4.1 Ubiquitination of histone H2B.  
Monoubiquitination of H2B (H2Bub) is catalyzed by the E2 RAD6 and the E3 BRE1 
in S. cerevisiae (163-165) (Figure 2.1). These two proteins form an E3 complex with Large 
cells protein 1 (Lge1) which regulates the recruitment of the complex to chromatin (164, 166). 
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In mammalian cells, two homologues of RAD6 (HR6A and HR6B) and BRE1 (RNF20 and 
RNF40) have been identified as the major mediators of H2B ubiquitination (167-169). HR6A 
and HR6B might work redundantly since Hr6b knock-out mice, while displaying male 
sterility, are viable and exhibit a level of H2Bub comparable to wild-type mice (170, 171). It is 
also possible that other E2s for H2B operate under specific conditions. For instance, UbcH6 
has been found to interact with RNF20/40 and stimulate its H2B E3 activity in vitro (169). 
However, its role in H2B ubiquitination in vivo is still not well defined. In providing new 
insight into the molecular mechanism of H2B ubiquitination, it was revealed that 
RNF20/RNF40 forms a complex with RAD6 and the WW domain-containing adapter protein 
with coiled-coil, WAC, in vivo. RNF20 is the subunit of this E3 complex that catalyzes H2Bub 
formation and this activity requires WAC, since depletion of the latter impairs H2B 
ubiquitination. WAC interacts through its C-terminal coiled-coil region with RNF20/40 and 
through the N-terminal WW domain with Pol II, thus appearing to directly link H2B 
ubiquitination to the transcription machinery (172). Of note, the mammalian BAF250/ARID1, 
a component of the SWI/SNF-A chromatin remodelling complex, assembles a cullin 2-
containing E3 that also ubiquitinates H2B on K120 (173). More studies are needed to 
determine the exact mechanisms that coordinate the action of H2B E3s and their cofactors. 	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Figure 2.1. Model of the mechanism of action of H2B ubiquitination in gene activation.  
Bre1/Rad6/Lge1 E3 complex is recruited by activators to promoters. Phosphorylated at serine 
5 of the CTD domain (CTDS5P), Pol II recruits PAF elongation factor complex, which in turn, 
allows the activation of Bre1/Rad6/Lge1 for the ubiquitination of H2B. BUR complex acts as 
a stimulator of the Bre1/Rad6/Lge1 complex activity. H2Bub activates transcription by 
different mechanisms. H2Bub promotes ubiquitination of Cps35, a subunit of COMPASS 
complex, which allow the chromatin recruitment of Spp1 to COMPASS and activation of 
COMPASS for the tri-methylation of H3K4 by Set1. H2Bub is deubiquitinated by Ubp8, a 
component of the SAGA complex. This event allows the recruitment of Ctk1 for the 
phosphorylation of Pol II CTD on Serine 2 which in turn promotes Set2 recruitement for 
H3K36 methylation. H2Bub stimulates the activity of the FACT complex to facilitate the 
passage of Pol II. 
 
Earlier observations indicated that H2Bub is preferentially located in transcriptionally 
active chromatin regions (174) and is associated with ongoing transcription and open 
chromatin configuration (175). Consistent with this notion, using high-resolution tilling array 
coupled with chromatin immunoprecipitation using a specific antibody recognizing H2Bub, 
Minsky et al. demonstrated that this histone mark is localized mainly on transcribed regions of 
highly expressed genes (176). H2Bub has been extensively characterized using the power of 
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yeast genetics. The current model asserts that RAD6/BRE1 E2-E3 ligase complex is recruited 
to promoters by activators such as Gal4 in yeast or p53 in mammals (165, 168, 177). Upon 
transcription activation, phosphorylation of serine 5 on the C-terminal domain of Pol II and 
recruitment of the PAF complex establish a critical platform for initiation of elongation. The 
recruitment of PAF allows RAD6/BRE1 to become associated with elongating Pol II, which 
activates the E3 activity of RAD6/BRE1 to catalyze H2B ubiquitination (178). Moreover, the 
Bur1/Bur2 cyclin-dependent protein kinase complex contributes by stimulating the E3 
function of RAD6/BRE1 through phosphorylation of Rad6 and promoting the recruitment of 
PAF (179, 180). The PAF complex also recruits the H3K4 methyltransferase Set1-containing 
COMPASS complex to Pol II thereby establishing a network of interactions for cross-talk 
between histone ubiquitination and methylation (181, 182). Indeed, H2Bub is required for 
histone marks involved in gene activation, i.e., H3K4 and H3K79 methylation by Set1 and 
Dot1 respectively (183-185). H2Bub affects di- and tri- methylation but not monomethylation 
of H3 -K4/-K79 (186-188). Interestingly, it was suggested that H2Bub might be required for 
the transition from monomethylated to di- and tri- methylated states (188). The authors 
suggested that the interaction between H2Bub and the methyltransferase might generate a 
conformational change allowing the latter to achieve processive methylation. However, using 
reconstituted nucleosomes with chemically ubiquitinated H2B, McGinty et al. revealed direct 
stimulation of human Dot1-mediated H3K79 mono-and di-methylation, but not trimethylation 
by H2Bub (189). The Dot1 processivity model has also been challenged by kinetic analysis of 
H3K79 methylation indicating that Dot1 rather functions as a distributive enzyme (190). On 
the other hand, the cross-talk mechanism of H2Bub and H3K4 methylation relies on Cps35, a 
subunit of the COMPASS complex required for its methyltransferase activity (191). 
Interestingly, Cps35 also interacts with Dot1 and promotes K79 trimethylation (191). 
Moreover, Rad6/Bre1 directly ubiquitinates Cps35 which in turn controls the recruitment of 
Spp1, another subunit of COMPASS required for H3K4 trimethylation (192).  
Recent studies provided evidence for a direct influence of H2Bub on chromatin 
dynamics during transcription elongation independently of histone H3 methylation (193-195). 
For instance H2Bub appears to stimulate the activity of the Facilitates Chromatin 
Transcription (FACT) complex (193). In humans this complex catalyzes the removal of 
H2A/H2B dimer from nucleosomes, which decreases the nucleosomal barrier thus facilitating 
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the progression of elongating Pol II (196). However, studies with yeast FACT complex 
suggest a mechanism implying nucleosome reorganization into a looser but more dynamic 
form allowing chromatin accessibility (197). On the other hand, another study demonstrated 
that H2Bub functionally interacts with the histone chaperone Spt16. Together they regulate 
nucleosome reassembly in the wake of elongating Pol II to restore proper chromatin structure, 
which would prevent cryptic transcription initiation (198). Moreover H2Bub was shown to 
stabilize nucleosomes at promoters (199), although it also appears to interfere with higher-
order chromatin compaction and leads to an open/accessible chromatin structure (200). It is 
not clear whether these effects underlie different regulatory mechanisms. Nonetheless, it 
appears that H2Bub regulates transcription by mechanisms independent of the cross-talk 
regulation of H3 methylation. 
The complexity of the H2B ubiquitination pathway is reflected by the reverse reaction, 
as several H2B DUBs have been identified. In S. cerevisiae, UBP8 and UBP10 regulate 
chromatin function by specifically deubiquitinating H2B (201-204). UBP8 is part of the 
histone acetyltransferase SAGA complex and its DUB activity requires assembly with 
regulatory factors forming a tetrameric deubiquitinating module (19, 20, 205, 206). UBP8 
positively regulates transcription as both ubiquitination and deubiquitination of H2B are 
required for proper gene expression, and its depletion alters the level of H3-K4/-K36 
methylation (201, 204). So how ubiquitination and deubiquitination of H2B act together to 
regulate transcription? H2Bub appears to constitute a barrier to the recruitment of Ctk1 to 
chromatin (22). Ctk1 is a cyclin-dependant kinase that phosphorylates serine 2 of Pol II 
Carboxy Terminal Domain (CTD S2P), an event required for Set2 recruitment and H3K36 
methylation during elongation (207, 208). Therefore, H2Bub must be deubiquitinated by 
UBP8 to allow transcription elongation (22). USP22, the human homologue of UBP8, is also 
part of the human SAGA complex (209, 210) and is involved in transcription activation. 
Interestingly, USP22 appears to deubiquitinate both H2B and H2A. UBP10 preferentially 
localizes at telomeres to reduce H2Bub as well as H3K4 and H3K79 methylation, events that 
promote Sir2 histone deacetylase association with telomeres and subsequent silencing (202, 
203). Of note, UBP8 is not required for gene silencing at telomeres, indicating that H2B 
DUBs function on distinct chromatin regions to regulate global H2B ubiquitination levels. 
USP7, USP3, USP12 and USP46 have also been identified as enzymes capable of 
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deubiquitinating H2B (211-213). However, the exact role of these H2B DUBs in vivo remains 
poorly defined.  
 In summary, H2Bub acts as a polyvalent histone mark playing different roles in 
regulating gene expression. While H2Bub regulates transcription by ensuring cross-talk 
between histone modifications, direct regulation of chromatin dynamics and interfering with 
higher-order chromatin structure appears to be important mechanisms of transcription 
regulation. Further studies are needed to fully understand the exact roles of H2Bub as well as 
the upstream signaling pathways coordinating its implementation and removal. 
 
2.4.2 Ubiquitination of histone H2A 
The first E3 identified as catalyzing the monoubiquitination of H2A (H2Aub) is 
Ring1B, a component of the PcG Repressive Complex 1 (PRC1) and PRC1-like (PRC1L) 
(214, 215) (Figure 2.2). Since these two complexes are very similar, for convenience, we 
hereafter refer to these as PRC1. This repressive complex consists of several Polycomb group 
(PcG) proteins (Ring1A, Ring1B and Bmi-1) having a RING (Really Interesting New Gene) 
finger domain, a signature motif for E3 activity (216). However, only Ring1B has E3 activity 
towards H2A, while the two other components (Ring1A and Bmi-1) play an important role in 
H2A ubiquitination by stimulating the E3 activity of Ring1B (215, 217, 218). Several lines of 
evidence indicate that H2A ubiquitination is linked to PcG silencing (215, 218). Chromatin 
immunoprecipitation assays show that Ring1B and Bmi-1 colocalize with H2Aub at PcG-
target genes (e.g., Hox genes) and depletion or inactivation of Ring1B induces derepression of 
Hox gene subsets (218). Ring1B is also involved in X chromosome inactivation as Ring1B 
and H2Aub are enriched on inactive X chromosome (Xi); moreover a Ring1A/B double 
knockout abrogates H2Aub on Xi (217, 219). However, the initiation of Xi silencing in 
embryonic cells is independent of Ring1B (220). Recently, global occupancy studies indicated 
that H2Aub is present in the regulatory regions of a large number of genes suggesting its 
involvement in gene expression associated with several cellular processes (221).  
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Figure 2.2. Model of the mechanism of action of H2A ubiquitination in gene repression.  
At repressed gene promoters, PRC2 is recruited to tri-methylate H3K27, and this in turn, 
recruits PRC1 to catalyze H2A ubiquitination. There are different variations of PRC1 
complexes, all containing the subunit Ring1B that is responsible for the ubiquitination activity 
of the complex. At selective promoters (e.g. chemokines genes), 2A-HUB is recruited by the 
repressive NCoR complex to catalyze the ubiquitination of H2A. This histone modification is 
able to inhibit H3K4 methylation and FACT recruitment for gene repression. To activate 
H2Aub-repressed genes, ZRF1 binds to H2Aub, displaces PRC1 and facilitates H2Aub 
deubiquitination. Eight H2A DUBs associated with transcription regulation have been 
identified and interact with different proteins to form diverse complexes. 
 
The function of the PRC1 complex is coordinated with another PcG group complex, 
PRC2, which is also recruited to promoters of inactive genes and Xi. PRC2 contains EZH2, a 
histone methyltransferase that adds 3 methyl groups specifically to H3K27 (H3K27me3). It 
has been initially suggested that H3K27me3 is used as a docking site for the recruitment of 
PRC1 via its PcG chromodomain (222-224). Consistently, loss of components of the PRC2 
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complex decreases PRC1 recruitment to chromatin (215, 225). In addition, increase of 
H3K27me3 by depleting its specific demethylase UTX induces stronger recruitment of PRC1 
and an increase of H2Aub on promoters (226). However other studies have indicated that the 
local enrichment of H2Aub on chromatin is not limited to regions containing H3K27me3 (221, 
227). Moreover the non-requirement of the H3K27me3 mark as a docking site was also 
observed with the identification of another PcG group complex, L3MBTL2 containing PRC1-
like 4. L3MBTL2 is required for H2A ubiquitination and transcription repression. 
Interestingly, although L3MBTL2 possesses a MBT motif known to recognize H3 and H4 
methylation tails, the mechanism of L3MBTL2-mediated repression seems to be independent 
of methylation. L3MBTL2 can interact with nucleosomes devoid of histone modifications and 
does not require H3K27me3 for recruitment to chromatin (228). Therefore, methylated H3K27 
is not always necessary for PRC targeting (229). Further studies are needed to determine the 
exact molecular events coordinating methylated H3K27 with H2Aub.  
Aside from PRC1, Ring1B is also associated with other complexes termed variations 
of PRC1. The BCoR, melPRC1, E2F6.com1 and PRC1L4 complexes (228, 230-232) are 
composed of two invariant subunits, Ring1A/B, arranged with different other subunits 
(reviewed in (233)). Interestingly, in addition to H2A ubiquitination, several of these 
complexes contain other repressive histone modifying activities and regulate different sets of 
genes. For instance, the BCoR complex contains the H3K36me2 demethylase Fbxl10/ 
KDM2B and regulates BCL6 target genes (230). The drosophila Fbxl10/KDM2B, dKDM2 
from the PcG silencing complex dRING-associated factors (dRAF) mediates H3K36 
demethylation, an event required for H2A ubiquitination, revealing a crosstalk mechanism 
between these histone modifications (234). On the other hand, E2F6.com1 di-methylates 
H3K9 by G9a/KMT1C and EuHMTase/GLP/KMT1D and controls the expression of E2F- and 
Myc-responsive genes in quiescent cells (232). 2A-HUB is another E3 for histone H2A that is 
recruited to target gene promoters by the repressive complex NCoR which contains the histone 
deacetylases HDAC1/3 (235).  
An important issue not completely addressed regards how H2A ubiquitination leads to 
gene repression or silencing? Several studies indicated that H2Aub interferes with 
transcription initiation (236). For instance, through a trans-histone crosstalk mechanism, 
H2Aub directly inhibits the active histone marks of di- and tri- methylated H3K4 (H3K4 -
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me2, -me3) by MLL in vitro, during transcription initiation but not elongation (236). 
However, in embryonic stem (ES) cells, PcG target genes are enriched with both repressive 
and active histone modifications, i.e., H3K27me3 and H3K4me3 respectively. These gene 
regulatory regions with opposing modifications are termed “bivalent domains”. Upon ES cell 
differentiation, the actively transcribed genes lose H3K27me3 and retain H3K4me3. In 
contrast, silenced genes retain H3K27me3 and lose H3K4me3 (237, 238). It was found that 
Pol II phosphorylated at Serine 5 occupies bivalent genes, and that Ring1B-mediated H2Aub 
regulates release of poised Pol II (239). Upon depletion of Ring1A/B that causes loss of 
H2Aub, Pol II is released and subsequent gene de-repression observed. Consistent with these 
findings, 2A-HUB was also shown to block Pol II release at the early stage of elongation by 
preventing the recruitment of the FACT complex to chemokine genes (235). Of note, Ring1B 
does not appear to be involved in transcription regulation for this set of genes. It has been 
suggested that different H2A E3s might be recruited to particular promoters, and that this 
specificity is further increased by selective association of the E3s with different repressive 
complexes (235).  
How is reversal of H2A ubiquitination accomplished and how does this impact gene 
expression? Although the molecular mechanisms are not well defined, several H2A DUBs 
have been identified belonging to three subclasses of DUBs: the USP family (USP3, USP7, 
USP12, Ubp-M/USP16, USP21, USP22 and USP46), the UCH family (BAP1) and the JAMM 
family (2A-DUB/MYSM1 and BRCC36) (partially reviewed in (240, 241)). In the following 
section, we integrate recent advances of known H2A DUBs that are essentially associated with 
transcription regulation. Using a biochemical fractionation approach, Ubp-M/USP16 was 
identified as a DUB for H2A (242). Consistent with its role in counteracting PcG-mediated 
repression, Ubp-M appears to be required for embryonic posterior development of Xenopus 
laevis and regulates Hox gene expression. Of note Ubp-M is also required for proper 
execution of mitosis as it mediates global deubiquitination of H2A, an event prerequisite for 
phosphorylation of histone H3 Serine 10, a modification associated with chromosome 
compaction during mitosis. In addition, it was previously reported that the catalytically 
inactive mutant of Ubp-M is tightly associated with compacted mitotic chromatin (243). Zhu 
et al. have identified 2A-DUB/MYSM1 as another specific H2A DUB that interacts with the 
transcription- activating histone acetyltransferase p300/CBP associated factor (P/CAF), thus 
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suggesting crosstalk between the two modifications in gene expression control (244). Histone 
acetylation appears to facilitate H2A deubiquitination by 2A-DUB in androgen receptor-
dependant transcription activation. Moreover H2A deubiquitination appears to destabilize the 
association of linker histone H1 with nucleosomes (244). Nakagawa et al. have found that 
another DUB, USP21, is capable of catalyzing the hydrolysis of H2Aub. USP21 activates 
transcription initiation by releasing H2Aub-mediated repression thus allowing methylation of 
H3K4. This process appears to operate during hepatic regeneration which is accompanied by 
global H2A deubiquitination as well as changes in the expression of several genes (236). Most 
recently, in the course of characterizing a newly identified PcG protein Calypso, Scheuermann 
et al. found that this UCH domain-containing enzyme is an H2A DUB. Complexed with 
another PcG protein, i.e., additional sex comb (ASX), Calypso assembles the PcG repressive 
DUB complex (PR-DUB) and is recruited to a large set of PcG target genes (including Hox 
genes) for their repression (155). Although H2A deubiquitination is not commonly associated 
with gene repression, it is possible that this modification might exert a dual 
activation/repression function depending on the promoter context. Interestingly, the genomic 
binding profile of Calypso partially overlaps with Pho, another PcG protein, thereby 
suggesting collaboration of the two proteins in gene regulation (155). The human orthologues 
of Calypso and Pho, BAP1 and Yin Yang 1 (YY1) respectively, interact physically and are 
recruited to chromatin to regulate transcription (245). BAP1 is a tumor suppressor associated 
with several factors and cofactors of transcription, among these other PcG proteins, such as 
ASXL1/2 and OGT (drosophila ASX and SXC respectively) (41, 245-247). Thus the BAP1 
complex, like PR-DUB, may well control PcG repression during development by regulating 
histone modifications. Indeed, like Calypso, BAP1 is capable of deubiquitinating H2A in vitro 
(155). Furthermore, BAP1 also deubiquitinates its main interacting protein, Host cell factor 1 
(HCF-1) (247). The latter is a transcription coregulator that interacts with E2F transcription 
factors to regulate the expression of cell cycle genes (248). Thus, deubiquitination of HCF-1 
and its subsequent protection from degradation by BAP1 might be important to control HCF-
1/E2F-dependant gene expression (249). Consistent with this, depletion of BAP1 deregulates 
cell cycle genes and impairs cell cycle progression (245-247). 
DUBs with dual-specificity for both H2A and H2B have also been identified. USP22 is 
an integral component of the metazoan homologue of the yeast SAGA complex, the 
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acetyltransferase TFTC/STAGA, which plays critical roles in gene activation (210, 250, 251). 
Interestingly, USP22 alone very inefficiently deubiquitinates histone H2B, and its activation 
requires association with TFTC/STAGA. Consistently two of its complex partners, ATXN7L3 
and ENY2, are required for optimal USP22-mediated transcription activation by nuclear 
receptors in vivo (210). Moreover the acetyltransferase GCN5 is required for USP22 
association with TFTC/STAGA (252). Thus USP22 DUB activity is tightly regulated by its 
interacting partners. Another H2A/B DUB, USP7, has been identified during purification of 
PRC1 complexes (253). USP7 interacts with MEL18 and BMI1 (belonging to PRC1 
complexes). Depletion of USP7 increases the ubiquitination state of MEL18 and BMI1 and 
reduces their protein levels, thus causing derepression of their common target gene p16INK4a. 
Moreover, in the same study, USP7 was found to deubiquitinate both H2A and H2B in vitro. 
The contribution of USP7 to histone deubiquitination in vivo requires further investigations. 
Interestingly, another group also found that USP7 interacts with various PcG proteins and 
deubiquitinates Ring1B (254). Thus, USP7 might play important roles in gene silencing by 
coordinating PcG protein stability/activity. Finally, by biochemical purification, another H2A 
DUB activity has been observed that is independent of Ubp-M. Analysis of enzymes 
catalyzing this reaction led to the identification of two other DUBs (USP12 and USP46) (213) 
which appear to require interacting partners for efficient H2A deubiquitination. Furthermore 
these DUBs deubiquitinate H2B as well and regulate Xenopus laevis development (213). It is 
not clear yet how different DUBs act on H2A, nonetheless it is reasonable to postulate that 
tissue specificity, gene regulatory regions, and interacting partners might be key determinants. 
Moreover, potential H2Aub “readers” might also be involved in regulating H2A ubiquitination 
and deubiquitination. Indeed, Richly et al. have described a new molecular mechanism for 
transcriptional activation of PcG-repressed genes. Through a novel ubiquitin-interacting motif 
found in the zuotin domain, zuotin-related factor 1 (ZRF1) binds specifically to H2Aub, 
displaces PRC1, and facilitates H2Aub deubiquitination (255). The authors suggest that this 
may constitute one of the first steps for derepression of silenced genes and that transcription 
activation might be facilitated by cooperation between ZRF1 and H2A DUBs. 
Although several studies support a role of PRC1 in transcription repression via H2A 
ubiquitination, other studies indicated that PRC1 represses gene expression independently of 
histone H2A ubiquitination. In an in vitro system, PRC1 can mediate chromatin compaction 
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on nucleosomes assembled from tail-less histones (256). Moreover, reintroduction of a mutant 
Ring1B lacking E3 activity into Ring1B -/- ES cells is able to restore chromatin compaction at 
Hox gene loci without restoring H2Aub (257). It is also possible that histone modification and 
direct chromatin compaction are not mutually exclusive, and that both mechanisms cooperate 
to optimize gene repression. Further investigations are needed to understand the exact roles of 
H2A ubiquitination in controlling chromatin dynamics and gene expression.  
 	  
2.5 REGULATION OF TRANSCRIPTION VIA UBIQUITINATION OF 
TRANSCRIPTION FACTORS 	  
Ub-mediated proteasomal degradation and non-degradative ubiquitination are 
mechanisms of regulation used by eukaryotic cells to tightly control the levels and activity of 
transcription factors or other chromatin associated proteins. Upstream signaling pathways act 
in a spatio-temporal manner to dictate not only stabilization or degradation, but also changes 
in protein interaction or subcellular localization, and this can profoundly impact biological 
processes. Very often ubiquitination is integrated within a highly complex network of 
interactions involving other factors and post-translational modifications. Below, we discuss 
the examples of p53 and Myc which represent excellent paradigms for transcription factors 
subjected to diverse levels of control by ubiquitination.  
 
2.5.1 Ubiquitination in the control of p53 function. 
The tumor suppressor p53, termed “guardian of the genome” (258), acts as a 
transcription factor in response to cellular stress such as DNA damage. p53 is involved in 
different growth-suppressive processes such as cell cycle arrest, senescence or apoptosis (259, 
260). While its steady-state levels are kept very low, p53 is stabilized and activated by cellular 
stress. Indeed, p53 protein levels are regulated by a gamut of post-translational modifications 
such as phosphorylation, acetylation, and ubiquitination (112, 261-263). The first observation 
of p53 ubiquitination came from studies on human papillomavirus (HPV) infected cells, in 
which p53 is degraded following association of the viral oncoprotein E6 with a cellular E3 
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(i.e., E6-associated protein E6AP), a mechanism that allows HPV replication in the host cell 
(264-266). Other examples of viral proteins that might be critically involved in targeting p53 
for degradation include the Herpes simplex virus type 1 regulatory protein ICP0 (267); the 
adenovirus E1B55K and E4orf6 proteins (268); the Latency-associated nuclear antigen 
(LANA) encoded by the Kaposi's sarcoma-associated herpesvirus (KSHV) (269) and BZLF1 
encoded by the Epstein-Barr virus (EBV) (270). However, mouse double-minute 2 protein 
(Mdm2), a cellular ring finger protein, is perhaps the most critical E3 controlling p53 stability 
(271-273) (Figure 2.3). In addition, Mdm2 associates with the proteasome and aids in 
recruiting p53 to the degradation machinery (274). The importance of the Mdm2/p53 
association is illustrated by the fact that Mdm2-null mice are embryonically lethal, but survive 
in the absence of p53 (275, 276). Interestingly, p53 also binds to responsive elements in the 
Mdm2 gene to increase its transcription. This sets up a negative feedback loop where active 
p53 promotes Mdm2 transcription, which in turns leads to p53 ubiquitination and degradation. 
This regulatory loop acts as a mechanism that downregulates the p53 response to allow 
proliferation restart (277). In addition to polyubiquitinating p53, Mdm2 also appears to 
monoubiquitinate p53, representing another level of control on p53 activity (278). At low 
levels of Mdm2, p53 is monoubiquitinated and exported to the cytoplasm, whereas at high 
levels of Mdm2, p53 is polyubiquitinated and degraded in the nucleus. It is believed that 
monoubiquitination of p53 represents a mechanism to control p53 activity in unstressed cells, 
in contrast to p53 polyubiquitination which might play a crucial function in inhibiting p53 
activity at later stages of the cellular stress response.  
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Figure 2.3. Regulation of p53 stability and localization by ubiquitination.  
p53 is regulated by various E3s leading to diverse effects on its stability and localization. 
Several E3s, including Mdm2 and Pirh2, negatively regulate p53 protein levels by 
polyubiquitination-mediated proteasomal degradation, a process enhanced or inhibited by 
DUBs such as HAUSP and USP10 respectively. Mdm2 can further monoubiquitinate p53 
which leads to its cytoplasmic localization. Other E3s positively affect p53 through 
stabilization such as RFWD3 or cytoplasmic and chromatin localization by WWP1 and E4F1 
respectively. 
 
The Mdm2 and p53 interaction is regulated by various mechanisms, most notably 
through post-translational modifications of p53 (112, 261, 262, 279). p53 is phosphorylated on 
many sites by ATM/ATR and Chk1/Chk2 following DNA damage, thus sterically inhibiting 
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its interaction with Mdm2, leading to p53 accumulation and subsequent expression of many 
target genes including p21, PUMA and Bax, involved in cell growth arrest/apoptosis. 
Acetylation of p53 is also associated with increased stabilization and transcriptional activity. 
Several histone acetyltransferases including CBP/p300, PCAF, hMOF and TIP60 acetylate 
p53 indicating the importance of acetylation in the control of p53 function. Interestingly, 
CBP/p300 shares at least 6 lysines residues targets (K370, K372, K373, K381, K382 and 
K386) with Mdm2, and acetylation of these sites following DNA damage blocks the 
ubiquitination of p53. Other post-translational modifications of p53 such as sumoylation and 
methylation also impact p53 stability and activity (279, 280). For instance, methylation of 
K372 by Set9 methyltransferase promotes p53 stabilization (281). Little is known about the 
interplay between p53 post-translational modifications which constitutes an exciting area of 
investigation that would reveal how signaling pathways are coordinated in promoting or 
inhibiting the p53 in response to specific physio-pathological conditions. Moreover, the 
Mdm2-mediated ubiquitination of p53 is also regulated by post-translational modifications of 
Mdm2 itself, providing another layer of complexity in the control of p53 function (282-284).  
In concert with post-translational modifications, several interacting proteins act to 
negatively or positively control p53 ubiquitination. MdmX (a homolog of Mdm2), also known 
as Mdm4, is a RING finger protein and forms a heterodimer with Mdm2 through interaction 
between their respective RING domains (283). However, MdmX does not possess E3 activity 
and instead acts to enhance Mdm2 activity. In fact, Mdm2 in multimeric forms with MdmX 
possesses a higher level of E3 activity toward p53 than its monomeric forms. During DNA 
damage, post-translational modifications impacting Mdm2 interaction with MdmX, inhibit the 
E3 activity of the complex thus contributing to finetuning p53 function. ARF, also known as 
p14ARF, is a negative regulator of Mdm2. This tumor suppressor induces the p53 response by 
inhibiting p53 interaction with Mdm2 (285, 286). Many other proteins, involving diverse 
signaling pathways, interfere with the Mdm2 and p53 interaction. These include the 
transcription factor YY1 which promotes p53 ubiquitination and degradation by binding both 
Mdm2 and p53, thereby strengthening their interaction. In addition, ARF negatively regulates 
the interaction between Mdm2 and YY1 (287). Ribosomal proteins L5, L11 and L23 
positively regulate p53 by inhibiting Mdm2 activity (288-291). Recently, RFWD3, a RING 
finger and WD repeat domain-containing protein, was also revealed as an intriguing E3 for 
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p53. It was found that RFWD3 interacts with Mdm2/p53 complex and stabilizes p53 (292). 
RFWD3 is phosphorylated by ATM/ATR following DNA damage, an event required for p53 
ubiquitination and stabilization. Importantly, RFWD3 synergizes with Mdm2 to increase p53 
ubiquitination at later times of the DNA damage response. However, this ubiquitination does 
not signal for p53 degradation. In fact, RFWD3 was found to restrict Mdm2 to form shorter 
polyubiquitin chains as opposed to longer Ub chains required for degradation.  
While Mdm2 is a major E3 for p53, other E3s are involved in regulating p53 stability 
and activity. Pirh2 (293) and COP1 (294) are both RING E3s that, similar to Mdm2, are 
induced by p53-dependent gene transcription as part of an autoregulatory feedback 
mechanism. Interestingly, COP1 is phosphorylated by ATM following ionizing radiation, 
which induces COP1 autodegradation that in turn promotes p53 accumulation during 
genotoxic stress (295). Another E3 that targets p53 for degradation is ARF-BP1 (also known 
as Mule/HectH9/Huwe1) which belongs to the family of HECT domain containing E3s (296). 
As with Mdm2, ARF inhibits ARF-BP1 E3 activity and hence stabilizes p53. Pirh2, COP1 and 
ARF-BP1 appear to signal p53 ubiquitination and degradation independently of Mdm2 thus 
revealing convergent signaling pathways that modulate p53 stability and transcriptional 
activity. 
Other E3s are involved in p53 degradation indicating the major importance of tightly 
regulating the transcriptional activity of this tumor suppressor. CARPs (caspase 8/10-
associated RING proteins 1 and 2) induce p53 degradation irrespective of its phosphorylation 
status (297). Synoviolin, also known as HRD1, is an endoplasmic reticulum-associated E3 that 
appears to sequester p53 in the cytoplasm and promote its ubiquitination and degradation 
(298). MKRN1 (Makorin Ring Finger Protein 1) E3 signals degradation of both p53 and its 
target gene p21 (299). TRIM24 (Tripartite-motif protein 24) copurifies with p53 from 
embryonic stem cells and ubiquitinates and degrades the latter (300). Both β-TrCP (301) and 
JFK, a Kelch domain-containing F-box protein (302) induce p53 degradation as part of Skp, 
Cullin, F-box (SCF) containing complex. For instance IkappaB kinase 2 (IKK2) 
phosphorylates p53 and signals its ubiquitination by β-TrCP thus contributing to eventual 
attenuation of the p53 response. CHIP (carboxy terminus of Hsp70-interacting protein), a 
RING finger chaperone-associated E3, was observed to ubiquitinate both wild-type and 
mutant p53 through association with the chaperones Hsc70 and Hsp90 (303). CHIP has been 
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suggested to be the major E3 responsible for ubiquitination and degradation of mutant p53 
(304, 305). While its exact functional significance is still not fully understood, Topors 
(topoisomerase I-binding protein) was shown to act as both an Ub E3 (306) and a SUMO1 E3 
(307) for p53. Ubiquitination of p53 induces its proteasomal degradation while sumoylation 
increases its protein levels. It would be of great interest to define the exact cellular contexts in 
which regulation by a specific E3 would be prevalent, and moreover to identify the signaling 
events that coordinate the action of these E3s to ensure precise regulation of p53 
transcriptional activity. 
While p53 interacts with many different E3s targeting it for proteasomal degradation, 
there is also a set of E3s that act on p53 in a non-proteolytic manner. E4F1, an atypical E3, 
promotes p53-dependent growth arrest through small K48 Ub chain linkage (308). E4F1, 
which shares homology with the SUMO E3 RanBP2, forms chains of mono-, di- or tri-
ubiquitin, whereas it typically takes a chain of at least four Ub through K48 linkage to signal 
for proteasomal degradation. Furthermore, E4F1 ubiquitination of p53 does not induce protein 
destabilization or relocalization. In fact, p53 ubiquitinated by E4F1 is recruited to chromatin to 
induce the transcription of genes involved in cell cycle arrest but not apoptosis. Interestingly, 
E4F1 was demonstrated to ubiquitinate p53 on the same residue, K320, that is acetylated by 
the histone acetyltransferase PCAF. Since acetylation of K320 is known to lead to the 
activation of apoptotic genes such as PUMA and BAX, ubiquitination of this residue can 
switch cell fate from apoptosis to growth arrest. MLS2 (male-specific lethal-2) is a nuclear E3 
that ubiquitinates p53 leading to its nuclear export without affecting its stability (309). 
However, the exact physiological context of this p53 nuclear-cytoplasmic translocation 
remains to be elucidated. Another E3 playing a role in the cytoplasmic localization of p53 is 
the WW domain-containing protein 1 (WWP1), a HECT E3 (310). WWP1 expression 
stabilizes p53 leading to its nuclear export which coincides with a decrease in p53 
transcriptional function. It would be interesting to clarify the mechanism by which WWP1 
ubiquitinates p53. There are also other cases where non-proteolytic ubiquitination of p53 
induces its stabilization and inhibition of its function. Ubc13, a E2 ubiquitin-conjugating 
enzyme, protects p53 from Mdm2-induced degradation by promoting ubiquitination of 
monomeric p53 through K63 Ub chains which inhibits its multimerization (required for 
transcription activation) and induces its sequestration in the cytoplasm (311). It was later 
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demonstrated that JNK inhibits this interaction by phosphorylating p53, thereby allowing p53 
multimerization and transcriptional activation (312).  
Ubiquitination of p53 is also subjected to tight control by deubiquitination. It was 
initially observed that HAUSP (USP7) deubiquitinates and stabilizes p53 leading to inhibition 
of cell growth and increase of apoptosis (313). Later it was also shown that Mdm2, known to 
undergo self ubiquitination, is a substrate of HAUSP and that Mdm2 becomes very unstable in 
HAUSP-depleted cells, which in turn leads to p53 activation (314, 315). These results suggest 
the existence of a regulatory loop in which HAUSP can act as a positive or negative regulator 
of p53 stability. A second DUB, USP2a, positively regulates the Mdm2/p53 interaction (316). 
USP2a, in contrast to HAUSP, only interacts with and deubiquitinates Mdm2 thus promoting 
p53 degradation. A third DUB, USP10, also deubiquitinates p53 counteracting its 
ubiquitination and degradation by Mdm2 (317). It was demonstrated that in unstressed cells, 
USP10 is localized to the cytoplasm and inhibits p53 ubiquitination. Following DNA damage, 
USP10 is phosphorylated by ATM, an event necessary for its stabilization and nuclear 
translocation. In the nucleus, USP10 then deubiquitinates p53 leading to its activation and 
subsequent growth suppression. USP4 also regulates p53 stability via direct deubiquitination 
of the E3 ARF-BP1 (318). As for most E3s targeting p53, it is unclear how corresponding 
DUB activities are coordinated. It is also expected that various DUBs, which have yet to be 
identified, might regulate the p53 ubiquitination pathway in a degradation-independent 
manner. 
 
2.5.2 Ubiquitination in the control of Myc function.  
While proteolysis is usually engaged when the biological function of a protein is no 
longer required, much evidence indicates that Ub and proteolysis plays a major role in 
transcription activation domain (TAD) function. Transcription activators are composed of a 
TAD and a DNA-binding domain. Using chimeric transcription factors composed of the 
GAL4 DNA binding domains and different TADs expressed in a cell line carrying a reporter 
gene, it was observed that the half-life of model activators, such as VP16, were inversely 
correlated with TAD activity (319). Consistently, it was observed that inactivating point 
mutations in the TAD also protect the transcription activator from proteasomal degradation. 
Moreover the rapid degradation of chimeric activators was dependent on a functional GAL4 
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DNA binding domain, indicating that recruitment of transcription factors to DNA is essential 
for proteasome-mediated degradation and hence proper TAD function. Although not a general 
rule, the activation domains of many unstable transcription factors overlap with activator 
degrons (320-322)). The transcription factor c-Myc (hereafter Myc) provides an excellent 
model for investigating the link between TAD and degradation. Due to its oncogenic 
properties, cells have developed ways to tightly control Myc stability and activity. Myc has an 
extremely short half-life (~30 min) (323), and is a target of several E3s. The F-box protein 
Skp2 stimulates Myc transcription activity as well as promoting its proteasomal degradation 
(324, 325). Skp2 interacts with Myc on the Myc-Box 2 (MB2) that is critical for transcription 
activation and oncogenic transformation. Thus, the degron and TAD overlap is consistent with 
the model of dependency between transcription factor potency and degradation. Moreover, the 
interaction between Myc and Skp2 is cell cycle regulated and is required for S phase entry 
during which the rate of Myc turnover is increased. Four more E3 complexes have been 
implicated in Myc regulation: Fbw7, HectH9, TRUSS (TRPC4AP) and β-TrCP (Figure 2.4). 
Whereas Skp2 acts as a positive regulator of Myc activity while still being responsible for its 
proteasomal degradation, Fbw7 is a negative regulator of Myc function (326-328). The 
SCFFbw7 complex and its role in Myc ubiquitination has been well characterized. This complex 
binds to a phosphodegron in Myc-Box 1 (MB1) and signals Myc for proteasomal degradation. 
Following a priming phosphorylation of serine 62 by MAP kinases, glycogen synthase kinase 
3 (Gsk3) phosphorylates the threonine 58 residue in MB1 which is required for degradation by 
Fbw7. Cells deficient for Fbw7 have an increased steady state level and half-life of Myc (328, 
329). Consistent with the biological significance of Fbw7 interaction with Myc, mutations in 
the Fbw7 binding domain are found in Burkitt lymphoma (330). More recently it was revealed 
through mass spectrometry of affinity-purified complexes that TRUSS interacts with Myc 
(331). DDB1 and CUL4A were also found in the Myc purification suggesting that TRUSS 
acts as a substrate receptor (DCAF) for the DDB1-CUL4 E3 complex. TRUSS enhances Myc 
protein turnover, which requires both N- and C-terminal domains of Myc. Furthermore, 
TRUSS expression was found to be very low in many cancer cell lines suggesting that TRUSS 
may act as a tumor suppressor by regulating Myc protein levels and activity. One of the 
determining factors of protein fate is polyubiquitination using different types of Ub chain 
linkages. In contrast to Skp2 , Fbw7, and TRUSS which signal Myc for ubiquitination and 
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degradation, HectH9 polyubiquitinates Myc through lysine 63 linkage (K63) and does not 
directly play a role in its turnover (332). It was observed that HectH9 was necessary to 
enhance transcription activation of Myc target genes. Consistent with its role in promoting 
Myc transcription, HectH9 is overexpressed in many solid tumors, and depletion of HectH9 
blocks tumor cell proliferation. Adding to the complexity of Myc ubiquitination, SCFβ-TrCP 
inhibits SCFFbw7– mediated turnover of Myc through different Ub chains, and this promotes 
Myc stabilization (333). Using single substitutions of the different Ub lysines, it was observed 
that K33, K48 and K63 mutants hindered β-TrCP stabilization of Myc suggesting that this E3 
forms heterotypic chains, whereas only the K48 mutant abrogated Fbw7 degradation of Myc 
supporting homotypic polyubiquitin chain formation. Consistent with a positive role of β-
TrCP in regulating Myc, it was observed that ubiquitination of Myc by β-TrCP is necessary 
for cell cycle progression. Further studies are required to fully elucidate the mechanism of 
Myc ubiquitination by β-TrCP.  
 
Figure 2.4. Regulation of Myc oncogene activity and function by ubiquitination.  
Myc is polyubiquitinated through K48 linkage by the E3 Skp2 leading first to Myc activation 
followed by its proteasomal degradation, representing a mechanism to control Myc function. 
In contrast to Skp2, the E3s TRUSS and Fbw7 also polyubiquitinate Myc through K48 linkage 
but instead inhibit Myc and signal for its degradation. In the case of Fbw7, its effect on Myc 
can be blocked by the actions of the USP28 DUB and by the β-TrCP E3 which ubiquitinates 
Myc through heterotypic Ub chains leading to Myc stabilization and function in cell cycle 
progression. Finally, Hect H9 (Huwe1) activates Myc through K63 poly-Ub linkage. 
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Similar to p53, Myc is also regulated by DUBs. Usp28 was identified through a RNAi 
screen as a protein involved in Myc function (334). Expression of Usp28, but not of its 
catalytic inactive mutant, increased levels of Myc and its half-life. Interestingly, Usp28 
antagonizes the action of Fbw7 without directly binding Myc. There are three isoforms of 
Fbw7 (α, β, and γ). The nuclear Fbw7α and the nucleolar Fbw7γ both degrade Myc, while 
Fbw7β is cytosolic and does not interact with Myc (326). Usp28 is nuclear and was found to 
interact with Fbw7α, thus preventing Myc degradation only in the nucleus. This explains why 
Myc is very unstable in the nucleolus. Moreover, Usp28 was found to be highly expressed in 
colon and breast carcinomas. Since Fbw7 is a tumor suppressor gene and that Usp28 blocks 
Fbw7-mediated Myc ubiquitination rendering Myc more stable, Usp28 could be considered in 
this context as an oncogene. 
Although, less documented than p53, the involvment of several E3 complexes and a 
DUB in regulating Myc strongly supports the essential role of ubiquitination in controlling the 
stability and activity of this oncogene. Due to the important role of Myc in tumorogenesis, it 
will be crucial to determine potential crosstalks between the different E3s and define the 
upstream signaling pathways that control Myc function.  
 
2.5.3 Regulation of RNA polymerase II by ubiquitination 
Regulation of the recruitment and activity of Pol II constitutes another major mode of 
transcriptional control (Figure 2.5). When actively transcribed DNA is exposed to genotoxic 
agents such as UV, resulting DNA lesions are repaired via the transcription-coupled 
nucleotide excision repair (TC-NER) pathway which is triggered through blockage of Pol II 
progression. Following this lesion recognition event, at some point Pol II must be removed 
from the template to allow recruitment of the repair machinery. It was initially found that 
following UV exposure, the large subunit of Pol II, Rpb1, is ubiquitinated; moreover this 
modification appeared deficient in cells derived from Cockayne syndrome A and B (CSA and 
CSB), a rare disorder where TC-NER is abrogated (335). It was later shown that UV-induced 
ubiquitination of Pol II targets this enzyme for proteasomal degradation (336). A direct link 
between TC-NER and Pol II degradation was provided by Rad26, a yeast functional 
homologue of human CSB, that interacts with Def1, a protein necessary for Pol II 
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ubiquitination and degradation following DNA damage (337). It was observed that the fraction 
of Rpb1 that was ubiquitinated and degraded by the proteasome is hyperphosphorylated (336). 
On the other hand, other findings suggested that the hypophosphorylated form of Pol II might 
also be targeted for degradation (338, 339). Studies involving the use of specific CTD kinase 
inhibitors support the notion that phosphorylation of the CTD of Pol II is required for its 
ubiquitination and degradation (340, 341). Consistently, using an antibody recognizing all 
forms of Pol II (ARNA-3), it was observed that Pol II becomes hyperphosphorylated 
following UV exposure and this is concomitant with its degradation (341). Interestingly, the 
authors reported that degradation of Pol II was not significantly different in CSA or CSB cells 
compared to repair-competent cells, although these proteins participate in Pol II ubiquitination 
(341). The discovery of the first E3 required for Pol II ubiquitination came from a biochemical 
approach to identify subtrates of Rsp5, an essential HECT E3 in S. cerevisiae. It was found 
that Rsp5 is in stable complex with, and ubiquitinates, Rpb1 (342). It was further 
demonstrated that degradation of Rpb1 following treatment with UV or the UV-mimetic 
compound 4-nitroquinoline-1-oxide (4-NQO) depends on Rsp5 (338). The authors also 
observed that human Nedd4, closely related to yeast Rsp5, was able to bind and ubiquitinate 
human Rpb1. In agreement, it was recently shown that DNA damage-induced Pol II 
ubiquitination depends on Nedd4 (343). With the discovery of the E3 for Pol II, it became 
possible to investigate the involvement of CTD phosphorylation in Pol II ubiquitination using 
an in vitro assay (344). Using Uba1 (E1), Ubc5 (E2) and Rsp5, it was demonstrated that the 
Pol II/DNA/RNA ternary complex is more efficiently ubiquitinated than free Pol II, and 
moreover the preferred substrate for ubiquitination is the damage-stalled Pol II ternary 
complex. In addition, it was demonstrated that Serine 5 phosphorylation of the CTD blocks 
Pol II ubiquitination, whereas Serine 2 phosphorylation promotes its ubiquitination (344).  
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Figure 2.5. RNA Pol II function is regulated by ubiquitination.  
The major subunit of Pol II, Rpb1, is ubiquitinated in a controlled manner to ensure the proper 
function of the polymerase. In a first step, Rpb1 is monoubiquitinated by Rsp5 (Nedd4), a 
modification reversed by the action of the DUB Ubp3. Furthermore, this step is regulated by 
the phosphorylation status of the CTD of Rpb1. While phosphorylation on Serine 2 
(elongation) of the CTD signals for mono-Ub by Rsp5, Serine 5 (initiation) inhibits the action 
of the E3. Following this priming ubiquitination step, Rpb1 is polyubiquitinated through K48 
Ub linkage by an Elongin/Cullin complex signaling Pol II for proteasomal degradation, which 
can be blocked by the DUB Ubp2. 
 
 
Following the discovery of Rsp5, it was found that the von Hippel-Lindau tumor 
suppressor protein (VHL)-associated E3 complex (containing Elongin B, Elongin C, Cullin 2 
and Rbx1 (Roc1)), interacts with hyperphosphorylated Pol II and is required for its 
ubiquitination and degradation following DNA damage (345). Ela1 (Elongin A), Elc1 
(Elongin C) and Cul3 are necessary for DNA damage-induced Rpb1 ubiquitination and 
degradation in S. cerevisiae (346, 347). It was later demonstrated that, in mammalian cells, 
another complex containing Elongin A/B/C, Cul5 and Rbx2 is also involved in the 
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ubiquitination and degradation of Pol II following DNA damage (348). The tumor suppressor 
BRCA1 and its stoichiometric partner BARD1 assemble a Ring finger E3 complex that 
appears to target Pol II. One study reported that the elongating form of the enzyme, possibly 
stalled at DNA damage sites, is the preferential target of the BRCA1/BARD1 E3 complex 
(349). On the other hand, it was also shown that BRCA1/BARD1 E3 complex ubiquitinates 
Serine 5 phosphorylated Pol II (350). This appears to prevent stable association of Pol II with 
TFIIE and TFIIH, and thus blocks the initiation of mRNA synthesis rather than elongation. In 
addition, this process does not appear to target for degradation as the Ub moiety itself 
interferes with the assembly of basal transcription factors at the promoter (351). These data 
can be reconciled by taking into account that BRCA1 might interact with several E2s to 
promote the assembly of degradative Ub chains or non-degradative Ub chains depending on 
the stage of transcription. Clearly, the exact role of BRCA1-mediated ubiquitination in 
regulating Pol II function requires further studies.  
Regulation of Pol II by ubiquitination does not appear to be solely regulated in 
response to DNA damage. Indeed it was found that the HECT domain E3 WWP2, targets Pol 
II for ubiquitin-mediated degradation in a DNA-damage independent manner, and moreover, 
this interaction does not rely on the phosphorylation state of Pol II (352). It was also observed 
using an in vitro transcription system that Pol II is ubiquitinated via lysine-63 linked chains 
following transcription inhibition with α-amanitin, indicating that stalled or arrested Pol II 
induces Ub signaling cascades to rescue transcription (353). The identity of this E3 activity as 
well as the mechanism of its recruitment to the transcriptional machinery have yet to be 
revealed. 
A major issue yet to be resolved concerns how distinct E3s act on Pol II. Recent 
studies have begun to shed light on the intricate mechanisms of Pol II ubiquitination. For 
instance Rsp5 and Elc1/Cul3 act on Pol II ubiquitination in a sequential fashion with different 
Ub chains (354). Using a yeast in vitro reconstituted system for Pol II ubiquitination, it was 
demonstrated that Rsp5 is required for the monoubiquitination of Pol II or polyubiquitination 
through K63-linked Ub chains. Following this first step, Elc1 and Cul3 are then recruited for 
Pol II polyubiquitination through K48 Ub chains. In addition, the requirement for Rsp5 could 
be bypassed by using pre-monoubiquitinated Pol II. These findings were further confirmed 
using human purified factors showing that Nedd4 is required for monoubiquitination of Pol II 
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followed by polyubiquitination by the ElonginABC/Rbx1/Cullin5 complex. This two-step 
mechanism is suggested to allow sufficient proofreading capacity during Pol II ubiquitination 
to tightly control its proteolysis. 
As would be expected, deubiquitination represents another form of Pol II control by 
ubiquitination. The DUB Ubp3 co-purifies with Pol II and elongation factors such as Spt5 and 
reverses its ubiquitination (355). Moreover, it was demonstrated that Ubp3 mutant yeast cells 
have increased hyper-ubiquitinated Pol II and were also sensitive to treatment with the 
elongation inhibitor 6-azauracil (6-AU). Consistently, Ubp3 efficiently deubiquitinates the 
polymerase in vitro. However another DUB, Ubp2, interacts with and antagonizes Rsp5 by 
deubiquitinating Rpb1 (354, 356). In contrast to the mechanism of Ubp3 action, Ubp2 
efficiently hydrolyzes Ub chains but is unable to break the bond between Ub and Pol II. 
Furthermore, Ubp2 deubiquitinates K63 polyubiquitinated Pol II, consistent with a previous 
study demonstrating that this DUB regulates formation of K63-linked Ub chains (357). These 
studies clearly show that deubiquitination plays an important role in Pol II stability and 
function through the action of different DUBs. 
In conclusion, ubiquitination is an integral part of the transcription process and exerts 
positive or negative regulatory effects on gene expression depending on the enzymes and the 
substrates involved. Ubiquitination of the same substrate could have seemingly opposite 
effects depending on the nature of the modification. Indeed ubiquitination of components of 
the transcription apparatus can induce degradation, activation, and assembly or disassembly of 
multi-protein complexes. Further studies are needed to address the biological roles of 
components of the Ub system. Moreover, understanding the molecular mechanisms of 
ubiquitination/deubiquitination is likely to reveal novel principles of signaling. Undoubtedly, 
with the advent of new approaches and technologies, the years lying ahead will certainly 
herald exciting new insight into this post-translational modification.  
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3.1 RÉSUMÉ 
Le suppresseur de tumeur BAP1 est une déubiquitinase (DUB) impliquée dans la 
régulation de la prolifération cellulaire. Toutefois, les mécanismes moléculaires qui régissent 
sa fonction restent encore mal définies. Récemment, il a été démontré que BAP1 intéragit avec 
et déubiquitine le régulateur de la transcription “Host Cell Factor-1” (HCF-1). Ici, nous 
montrons que BAP1 forme des complexes multi-protéiques avec de nombreux facteurs et 
cofacteurs de transcription dont HCF-1 et le facteur de transcription Yin Yang 1 (YY1). Grâce 
à son motif de bobine enroulé, BAP1 intéragit directement avec le domaine à doigt de zinc de 
YY1. En outre, HCF-1 intéragit avec la région médiane de YY1 contenant le domaine riche en 
glycine et lysine. Cette interaction est essentielle pour la formation d'un complexe ternaire 
avec YY1 et BAP1 in vivo. BAP1 active la transcription de manière dépendante à son activité 
enzymatique et régule l'expression d'une variété de gènes impliqués dans de nombreux 
processus cellulaires. En outre, nous démontrons que BAP1 et HCF-1 sont recrutés par YY1 
au promoteur du gène cox7c, encodant une protéine mitochondriale, utilisée ici comme modèle 
d'expression par BAP1. Nos résultats (i) établissent un lien direct entre BAP1 et le contrôle 
transcriptionnel des gènes qui régulent la croissance et la prolifération cellulaire et (ii) révèle 
un nouveau mécanisme de régulation de la transcription impliquant la signalisation par l’Ub. 
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3.2 ABSTRACT 
The candidate tumor suppressor BAP1 is a deubiquitinating enzyme (DUB) involved 
in the regulation of cell proliferation, although the molecular mechanisms governing its 
function remain poorly defined. BAP1 was recently shown to interact with, and deubiquitinate 
the transcriptional regulator Host Cell Factor-1 (HCF-1). Here, we show that BAP1 assembles 
multi-protein complexes containing numerous transcription factors and cofactors including 
HCF-1 and the transcription factor Yin Yang 1 (YY1). Through its coiled coil motif, BAP1 
directly interacts with the zinc fingers of YY1. Moreover, HCF-1 interacts with the middle 
region of YY1 encompassing the glycine-lysine-rich domain and is essential for the formation 
of a ternary complex with YY1 and BAP1 in vivo. BAP1 activates transcription in an 
enzymatic activity-dependent manner and regulates the expression of a variety of genes 
involved in numerous cellular processes. We further show that BAP1 and HCF-1 are recruited 
by YY1 to the promoter of cox7c gene, which encodes a mitochondrial protein used here as a 
model of BAP1-activated gene expression. Our findings (i) establish a direct link between 
BAP1 and transcriptional control of genes regulating cell growth and proliferation and (ii) 
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3.3 INTRODUCTION 
Post-translational modification of proteins with ubiquitin plays a central role in a wide 
variety of biological processes in eukaryotic cells (3, 358). Depending on the nature of the 
modification (e.g. poly- vs. mono-ubiquitination), modified substrates can be either degraded 
by the proteasome or regulated at the level of their activity and function (359, 360). 
Ubiquitination is reversible and a significant repertoire of proteases, termed deubiquitinating 
enzymes (DUBs), are emerging as critical regulators of ubiquitin signaling (9, 11). 
BAP1 (BRCA1-Associated Protein1) was originally isolated as a nuclear DUB that 
interacts with, and enhances the growth suppressive effect of, the tumor suppressor BRCA1 
(153). BAP1 also acts in a BRCA1-independent manner, as its overexpression in cells lacking 
BRCA1 was shown to inhibit cell proliferation and tumor growth (154). Interestingly, recent 
studies indicate that RNAi-mediated depletion of BAP1 can also exert an inhibitory effect on 
cell proliferation (246, 247, 361). Although the exact molecular mechanisms are largely 
unknown, the above data suggest that BAP1 controls cell cycle progression. In further support 
of this notion, homozygous inactivating mutations in BAP1 have been found in subsets of lung 
carcinoma and breast cancer cell lines suggesting that this DUB is a tumor suppressor (153, 
362). 
BAP1 is a member of the UCH family including UCH-L1, UCH-L3 and UCH-L5 
(UCH37), all of which possess a conserved catalytic domain containing an invariant histidine, 
cysteine, and aspartic acid catalytic triad (33). Although UCH family members were initially 
associated with the maturation and turnover of ubiquitin, these enzymes possess isopeptidase 
activity and thus might selectively regulate protein stability or activity (361, 363, 364). 
Remarkably BAP1 possesses a large C-terminal domain, not present in other UCH members, 
which is predicted to play an important role in regulating and coordinating its DUB activity 
through selective association with potential substrates or regulatory components. 
Host cell factor 1 (HCF-1) is a chromatin-associated protein initially identified as part 
of a multi-protein complex comprising the viral co-activator VP16 and the POU domain 
transcription factor Oct-1 (365). During herpes simplex virus infection, this complex is 
recruited to the enhancer/promoter of the immediate early gene to activate viral gene 
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expression (365). HCF-1 was further shown to interact, often through a tetrapeptide sequence 
termed the HCF-1 binding motif (HBM), with specific members of diverse classes of 
transcription factors including E2F1, Krox20, Sp1, and GABP. This suggests a crucial role for 
HCF-1 in regulating the expression of a plethora of genes involved in diverse cellular 
processes (248, 366-374). HCF-1 also associates with chromatin modifying enzymes, most 
notably methyltransferases (Set1, MLL1, MLL5), acetyltransferases (hMOF) and deacetylases 
(HDAC1, HDAC2) (248, 375-379). Most recently HCF-1 was shown to recruit LSD1 to 
demethylate the repressive mark histone H3 lysine 9, and to promote the trimethylation of 
histone H3 lysine 4 by Set1, a mark associated with active genes (380). Although HCF-1 has 
been mostly associated with transcription activation, this regulator is also involved in 
transcription repression (248, 377, 381). It is thought that sequence-specific DNA-binding 
transcription factors are responsible for the differential recruitment of distinct HCF-1 
complexes to either positively or negatively regulate target gene expression. For instance 
HCF-1 was shown to regulate the G1/S transition of cell cycle through specific interaction 
with either E2F4 or E2F1 which, respectively, represses or activates E2F target genes (248). 
Despite the above findings, the manner in which HCF-1 is selectively recruited to coordinate 
the assembly of diverse chromatin modifying complexes that tightly regulate gene expression 
remains an area of active investigation. 
BAP1 was recently shown to interact, through a NHNY sequence (HBM) located in its 
middle region, with the kelch motif of HCF-1; moreover this interaction appears to be required 
for cell proliferation (246, 247). Ectopic expression studies indicate that BAP1 can 
deubiquitinate HCF-1 (246, 247), although the significance of this event remains to be 
elucidated. Additional proteins identified by virtue of their co-purification with BAP1 have 
also been recently reported, most of which are involved in regulation of chromatin-associated 
processes particularly transcription (41, 246). These include the forkhead transcription factors 
FOXK1 and FOXK2, the histone acetyltransferase HAT1, the human homolog of additional 
sex combs ASXL1 and ASXL2, the histone lysine demethylase KDM1B (LSD2), and the 
ubiquitin conjugating E2 enzyme UBE20. Interestingly, very recently, the drosophila 
polycomb group protein Calypso was found to be the orthologue of BAP1. Calypso associates 
with ASX to form the transcription complex PR-DUB that in turn deubiquitinates histone H2A 
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and regulates hox gene expression (155). However it should be noted that the association of 
human BAP1 with several additional partners as described above suggests a substantially more 
complex network of functional interactions.  
Here, we establish that mammalian BAP1 is assembled into high molecular weight 
multi-protein complexes containing transcription factors and cofactors including HCF-1. We 
reveal novel BAP1-interacting partners including the transcription factor Yin Yang 1 (YY1), a 
zinc finger protein that possesses dual functionality by either activating or repressing gene 
expression depending upon its association with specific transcription co-activators or co-
repressors at specific target gene promoters (see reviews (382, 383)). We show that BAP1 
directly interacts with YY1, and HCF-1 is required for this interaction in vivo. Finally, in 
providing a model for BAP1-mediated control of gene expression, we demonstrate that this 
DUB is a direct co-activator of cox7c, a nuclear gene encoding a component of the 
mitochondrial respiratory chain. Our data provide novel molecular insight into the 
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3.4 MATERIALS AND METHODS 
Plasmids and Antibodies  
Retroviral constructs that express N-terminal Flag-HA-tagged wildtype or mutant 
forms of human BAP1 were generated by subcloning the cDNA into the POZ-N plasmid 
provided by Y. Nakatani (384). The catalytically inactive BAP1, POZ-BAP1 (C91S) was 
generated by site-directed mutagenesis. The BAP1 mutant deleted in the NHNY sequence 
corresponding to the HCF-1 binding domain (ΔHBM) was generated by PCR-based 
subcloning of 2 fragments ligated in frame into POZ-N. The Gal4-BAP1 and Gal4-BAP1 
catalytically inactive (C91S) constructs were generated by PCR amplification of the Gal4 
DNA binding sequence and ligation in frame into pCDNA.3 BAP1. The Gal4-BAP1 ΔHBM 
was generated by subcloning BAP1 ΔHBM in frame into pCDNA.3 containing Gal4 DNA 
binding sequence. shRNAs for hBAP1 (#1 and #2) and hHCF-1 were generated as previously 
described (385) and the targeted sequences are ggctgagattgcaaactatgag, 
ggtttcagccctgagagcaaag and ggcagtgctctgatttccaatc respectively. The constructs used to 
produce recombinant full length GST-YY1 and various deletion fragments have been 
described (386). Constructs to produce recombinant full length GST-BAP1 and various 
deleted forms were obtained by PCR-amplification of various fragments, which were cloned 
into pGEX4T1. The construct for producing recombinant human His-tagged YY1 has been 
described (287). A construct to produce recombinant human His-tagged BAP1 was generated 
by subcloning BAP1 cDNA into pET30a+. The shRNA constructs for YY1 and non-target 
sequence have been described (287). The pCGN-HCF-1 vector (387) was used for subcloning 
HCF-1 into the pcDNA.3/HA vector.  
Monoclonal anti-BAP1 (C4) and anti-YY1 (H10), polyclonal anti-BAP1 (H300) and 
anti-TFIID (N12) were from Santa Cruz. Monoclonal anti-HCF-1 (M2) (388) and polyclonal 
anti-HCF-1 (N18) (389) have been used. Polyclonal anti-HCF-1 (A301-400A) was from 
Bethyl laboratories. Monoclonal anti-RNA Polymerase II (H14) was from Covance. 
Polyclonal anti-Histone H3 (06-755), polyclonal anti-Histone H3 trimethylated at lysine 27 
(H3 K27 me3) (17-622) and monoclonal anti-β-actin (MAB1501) were from Millipore. The 
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antibodies used as control for IP and ChIP were the polyclonal anti-GFP (FL), anti-HA (Y-11) 
and rabbit IgG (sc-2027), and were from Santa Cruz.  
Cell culture, RNAi and immunoblotting 
HeLa cervical cancer, U2OS osteosarcoma and PhenixA virus-producing cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum and penicillin/streptomycin. Cells were transfected with either a non-targeting 
control or BAP1 RNA interference (RNAi) plasmid using Lipofectamine 2000 (Invitrogen). 
For transient RNAi experiments, shRNA vectors were mixed with the pBABE puromycin 
resistance-encoding vector, and transfected cells were selected by adding 2 µg/ml of 
puromycin for 2 days as described (390). The siRNA smart pools for human HCF-1, BAP1 
and a non-target control were from Dharmacon (Thermo Scientific) and were transfected into 
HeLa or U2OS cells using Lipofectamine 2000. 
Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.3; 5 mM 
EDTA; 50 mM KCl; 0.1% NP-40; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 mM 
dithiothreitol and protease inhibitors cocktail (Sigma)), and protein concentration determined 
by Bradford assay. SDS-PAGE and western blotting were conducted according to standard 
procedures. 
 
Purification of BAP1-associated proteins and co-immunoprecipitation  
HeLa or U2OS cell lines stably expressing Flag-HA-BAP1 (WT, C91S or ΔHBM) 
were generated following retroviral transduction and 4 rounds of selection using magnetic 
beads coupled to IL2 receptor antibody as previously described (384). HeLa (~9 X 109 cells) 
or U2OS (~0.5 X 109 cells) were used for purification of BAP1-associated proteins, essentially 
as previously described (384). Mass spectrometry analysis was provided by the Proteomics 
Platform of the Quebec Genomics Center (CHUQ Research Center, Laval University, Quebec, 
Canada). Standard co-immunoprecipitations using appropriate antibodies were conducted as 
previously described (287).  
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Immunodepletion was conducted on HeLa nuclear extracts (~100 µg of proteins) by 
overnight incubation at 4 ºC with 2 µg of anti-HCF-1 or anti-BAP1 polyclonal antibody in IP 
buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM NaF; 1% Triton X-100; 1 
mM PMSF and protease inhibitors cocktail (Sigma)). The anti-HA (Y-11) polyclonal antibody 
was used as control. The immuno-complexes were incubated for 7 hours at 4 ºC with protein 
G agarose beads (Sigma) which were saturated with 1% BSA in IP buffer. After 
centrifugation, the flow through and bead fractions were collected. The immuno-complexes 
were washed once with the IP buffer supplemented with 1% BSA. Bound proteins were eluted 
from the beads with Laemmli buffer and subjected, along with the flow through fractions, to 
western blotting. 
Preparation of chromatin fractions and digestion with Micrococcal nuclease (MNase) 
were conducted as previously described (391). Briefly, the nuclear pellet was resuspended in 
20 mM Tris-HCl  (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% 
Triton X-100, and protease inhibitor cocktail. Following MNase treatment (3 U/ml for 10 
min), the reaction was ended with 5 mM each of EGTA and EDTA. The samples were then 
centrifuged at 13,000 g for 10 min at 4°C to obtain the soluble chromatin fraction. 
 
Glycerol gradient and gel filtration analysis 
Molecular mass separation of native BAP1 complexes from nuclear extract was 
conduced using a 10-40 % glycerol gradient prepared in 20 mM Tris-HCl, pH 7.9; 100 mM 
KCl; 5 mM MgCl2; 1 mM PMSF; 0.1% NP40 and 10 mM 2-mercaptoethanol. The samples 
were centrifuged for 12 h at 50,000 RPM (SW55Ti rotor, Beckman,) at 4 ºC. Individual 
fractions were then collected from top to bottom and analyzed by western blotting. The CtBP 
co-repressor complex estimated to have a molecular mass of 1.3-1.5 MDa was used as 
reference (392).  
Gel filtration analysis of purified BAP1 complexes was conducted using a Superose6 
HR gel exclusion chromatography column. Eluted fractions were analysed by silver staining 
and western blotting. The native molecular weight markers used for column calibration were 
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thyroglobulin (669 KDa), ferritin (440 KDa), catalase (232 KDa), lactate dehydrogenase (140 
KDa) and albumin (66 KDa) (obtained from GE Healthcare). 
  
Deubiquitination assay on Ub-AMC 
Deubiquitination assay on Ub-AMC was conducted as previously described (363)  
with the following modifications.  Purified BAP1 complexes (WT, C91S and ΔHBM) and 
recombinant His-BAP1 were adjusted to the same amount of BAP1 protein (125 ng; 1.5 pmol) 
and incubated individually with 37.5 pmol of Ub-AMC (Boston Biochem) in 100 µl of assay 
buffer (50 mM Tris pH 7.3, 0.25 mM EDTA, 10% DMSO and 1 mM DTT) for 1200 sec. 
Fluorescence was measured using a fluorimeter (Cytofluor, PerSeptive Biosystems) at 
excitation and emission wavelengths of 380 nm and 460 nm, respectively. 
 
In vitro interaction assays 
Recombinant GST fusion proteins were purified using glutathione agarose beads 
(Sigma) and 2 to 3 µg of beads containing bound proteins were incubated with 10 µl of in 
vitro translated methionine-S35 labeled HCF-1 (TNT® T7 Quick Coupled 
Transcription/Translation System, Promega), 1 µg His-YY1, or 1 µg His-BAP1 for 6 to 8 
hours at 4 ºC in pulldown buffer (50 mM Tris, pH 7.5; 50 mM NaCl; 0.02% Tween 20; 1 mM 
PMSF and 500 µM dithiothreitol). The beads were extensively washed with the same buffer, 




Cells were fixed for 20 min using 3 % paraformaldehyde prepared in phosphate-
buffered saline (PBS). Cells were then permeabilized with 0.5% NP-40 in PBS for 20 min and 
washed with PBS containing 0.1% NP-40. Cells were further incubated in blocking solution 
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(PBS containing 0.1% NP-40 and 10% FBS) and stained with a monoclonal anti-BAP1 
antibody. Anti-mouse Alexa Fluor® 594 (Invitrogen) was used as secondary antibody. Nuclei 
were stained with 4',6-diamidino-2-phenylindole (DAPI). Z-stacks were acquired using Leica 
DMRE microscope, HCX PL APO 63X/ 1.32-0.6 OIL CS objective and Retiga Ex (Qimaging) 
camera and deconvoluted with the Openlab 3.1.1 program. RGB profiles were generated by 
WCIF-ImageJ program (NIH). 
 
Cell synchronization and cell cycle analysis 
U2OS cells were synchronized at the G1/S border using a thymidine double block 
protocol (393). The DNA content of cells was analyzed essentially as described (390). Briefly, 
cells were harvested by trypsinization and fixed with 70 % ethanol. After one wash with PBS, 
cells were treated with 100 µg/ml RNase A (Sigma-Aldrich) for 30 min at 37°C, stained with 
50 µg/ml propidium iodide (Sigma-Aldrich), and analyzed using a FACScan flow cytometer 
equipped with Cellquest software (Becton Dickinson).  
 
Genome-wide gene expression analysis and qRT-PCR analysis of individual mRNAs 
U2OS cells, transfected with a non-target control shRNA or shRNAs targeting BAP1, 
were selected with puromycin containing medium and then synchronized at the G1/S border to 
allow comparative analysis of gene expression. RNA was prepared using Trizol reagent 
(Invitrogen) and the RNeasy kit (QIAGEN). The generation of cDNA and biotinylated cRNA 
as well as hybridization to Human genome Hu133 plus 2.0 arrays (Affymetrix; containing 
47,000 transcripts and transcripts variants) were conducted following the One-Cycle target 
Labeling Protocol of the GeneChip ® Expression Analysis Technical Manual from Affymetrix 
(Genome Québec Innovation Centre, Montréal, Canada). Gene expression levels from 
shControl and shRNAs were subjected to comparative analysis using the expression analysis 
software Flex Array V1.1 (Michal Blazejczyk, Mathieu Miron, Robert Nadon (2007), Genome 
Quebec, Montreal, Canada, URL http://genomequebec.mcgill.ca/FlexArray). A functional 
analysis of genes deregulated following BAP1 depletion was conducted using Ingenuity 
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Pathways Analysis Version 8.5 (394). The gene expression data for both shRNAs are 
deposited in the Gene Expression Omnibus (GEO) NCBI database (accession number: 
GSE23035). 
Levels of individual mRNAs in BAP1 depleted cells were determined by RT-PCR. 
Total mRNA (prepared as described above) was used for reverse transcription using the 
Superscript III reverse transcriptase and oligo(dT)12-18 primers (Invitrogen). The obtained 
cDNAs were subjected to PCR amplification for bap1 (forward: 
ATGAATAAGGGCTGGCTGGAGCTG; reverse: GGGTATCAGCTGGTGGGCAAAGAA), 
cox7c (forward: ggtccgtaggagccactatg; reverse: cagttggtgtcttactacaagg), p107 (forward: 
ACGACTTGGCGAATCAGGACCATA; reverse: GGCTGCCATTGAACTTGTACAGCA), 
ccne2 (forward: GATGCTCCTAAAGTTCTTCTACC; reverse: 
CACATTCTGAAATACTGTCCCAC), cdc6 (forward: GGAAGCCTTTACCTTTCTGGTG; 
reverse: CAGCTGGCCTGGATACCTCTTC), skp2 (forward: 
GCTGAAGAGCAAAGGGAGTGAC; reverse: GGCGATACCACCTCTTACAAAC), ß-
actin (forward: GGACTTCGAGCAAGAGATGGCCA; reverse: 
CTCCTTCTGCATCCTGTCGGCAATG). The mRNA levels were normalized to gapdh 
expression (forward: catgttcgtcatgggtgtgaacc; reverse: 
GGTCATGAGTCCTTCCACGATAC). 
 
Chromatin immunoprecipitation analysis 
Chromatin immunoprecipitation (ChIP) experiments were conducted essentially as 
previously described (395) with the following modifications. U2OS cells (5 X 106) were cross-
linked with 1% formaldehyde in PBS at room temperature for 10 min with prior incubation in 
1.5 mM EGS (ethylene glycolbis [succnimidyl succinate]; Sigma-Aldrich) in PBS for 30 min 
at room temperature as described (396, 397). Following quenching with glycine (125 mM) for 
5 min, cells were scraped in cold PBS. The cells were first washed with buffer A (50 mM Tris-
HCl, pH 8.0; 0.1% NP40; 2 mM EDTA; 10% glycerol; 1 mM PMSF and protease inhibitors 
cocktail (Sigma)) and then sonicated in Buffer B (50 mM Tris-HCL, pH 8.0; 1% SDS; 10 mM 
EDTA; 1 mM PMSF and protease inhibitors cocktail) to generate 300-600 bp fragments. After 
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centrifugation and pre-clearing for 1 hour, the suspension was incubated overnight with 
polyclonal anti-HCF-1, anti-BAP1, anti-YY1 or a non-relevant antibody used as control. 
Immunocomplexes were recovered with protein A agarose beads (Millipore) and the DNA 
was purified after decrosslinking with phenol-chloroform. Real time PCR was conducted 
using SYBR Green detection kit (Invitrogen) on an iCycler iQ apparatus (Bio-Rad). 
Quantification was conducted using the 2– CT method, where CT is calculated as follows: 
(ChIP CT– input CT of the control antibody) – (ChIP CT – input CT of the target antibody). 
The results are shown as a ratio of target gene promoter versus reference gene promoter. The 
target gene cox7c promoter (forward: Caggaatcctagacctaagc; reverse: Acgcgacaaagcggaaatcg) 
and the reference gene ß-globin promoter (forward: GGCTGTCATCACTTAGACCTC; 
reverse: GGTTGC TAGTGAACACAGTTG) were used. The amplification efficiency of all 
primer sets was verified before qPCR analysis. All experiments were done at least 3 times and 
the data shown are results of a representative experiment.  
 
Luciferase reporter assays 
HeLa cells were transfected with various amounts of Gal4-BAP1, Gal4-BAP (C91S), 
Gal4-BAP1 ΔHBM, BAP1 or Gal4 expression plasmids along with 500 ng Gal4-TK-
Luciferase or 500 ng TK-luciferase reporter plasmids. pEGFP-N2 construct (10 ng) was also 
included to ensure equal transfection efficiency between the different conditions. Luciferase 
activity was measured 2 days post-transfection using a luciferase assay kit (Promega). 
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3.5 RESULTS 
BAP1 is assembled into high molecular weight multi-protein complexes and interacts 
with the transcription factor YY1.  
HeLa nuclear extracts were prepared wherein nearly all nuclear BAP1 protein was 
recovered (Figure 3.1A, top panel). Glycerol density gradient fractionation of these extracts 
showed that most of the endogenous protein is detected as a peak in the high molecular weight 
fractions (~ 1.3-1.8 MDa), suggesting that BAP1 is assembled into multi-protein complexes 
(Figure 3.1A, bottom panel). To identify these potential complexes, we generated a stable 
HeLa cell line expressing Flag-HA-BAP1 and conducted a large-scale double 
immunopurification of the protein using anti-Flag and anti-HA columns. Silver stain of the 
eluted material revealed that several polypeptides co-purify with BAP1 (Figure 3.1B). These 
proteins are specific since no apparent protein bands were detected in the HA elution from the 
mock purification. Of note, most of the proteins co-purifying with BAP1 were readily 
detectable following the anti-Flag purification step. Nonetheless, to ensure high specificity, the 
HA-eluted material was used for mass spectrometry analysis to identify BAP1-interacting 
partners. Several recently reported as well as novel BAP1-interacting proteins were recovered 
(Figure 3.1B). As reflected by the protein sequence coverage and the number of identified 
peptides for each protein, the most abundant polypeptides identified include the transcriptional 
regulator HCF-1, the forkhead transcription factors FOXK1 and FOXK2, the O-linked N-
acetyl glucosamine transferase (OGT), the human homolog of additional sex combs ASXL1 
and ASXL2, the ETS-related transcription factors ELF-1 and ELF-2, and the E2 enzyme 
UBE20. Less abundant BAP1-interacting proteins comprise specific transcription factors and 
cofactors such as YY1, ZNF131, PRDM10, and the histone H3 K4 demethylase KDM1B. To 
validate these results, we also established a U2OS osteosarcoma cell line stably expressing 
Flag-HA-BAP1. Using this model cell type, we found that, although a small-scale cell 
preparation was used, most of the major BAP1-associated proteins were recovered following 
purification. These include HCF-1, OGT, ASXL1/ASXL2, FOXK1/FOXK2 and KDM1B. 
Stoichiometric amounts of HCF-1 co-purify with BAP1, as a large number of peptides 
were obtained following mass spectrometry analysis (data not shown) and the intensities of the 
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silver stained bands were similar for the two proteins (Figure 3.1B). Since the majority of 
endogenous BAP1 protein migrates within a high molecular weight fraction (Figure 3.1A), we 
reasoned that all of the cellular BAP1 might be complexed with HCF-1. In fact, nearly all 
BAP1 protein could be immunodepleted from nuclear extracts using an excess of HCF-1 
antibody (Figure 3.1C, top panel). As expected, virtually all HCF-1 protein was recovered in 
the bead fraction. As negative control, the nuclear protein PARP1 was shown to remain in the 
extracts. Next, we immunodepleted BAP1 using a specific antibody and observed that 
although nearly all BAP1 was recovered, only a minor fraction of HCF-1 was depleted (Figure 
3.1C, bottom panel). This indicates that (i) HCF-1 is highly abundant relative to BAP1, and 
(ii) essentially all cellular BAP1 is complexed with HCF-1. Thus, HCF-1 could be a major 
scaffold protein for BAP1 and might play a critical role in coordinating the association of this 
DUB with other partners to form specific transcription regulatory complexes. 
To provide insight into the potential role of BAP1 as a gene-specific transcription 
regulator, we focused in this study on characterizing the interaction of BAP1/HCF-1 with 
YY1. The anti-HA eluted material was fractionated using size exclusion chromatography, 
which revealed that BAP1 is assembled into ~1.3-1.8 MDa multi-protein complexes (Figure 
3.1D). These complexes contain the transcription factor YY1 and HCF-1, and very likely 
additional components. Next, the anti-Flag purified BAP1 material was used as input for 
immunoprecipitation using anti-HCF-1 antibody, and both YY1 and BAP1 were co-
immunoprecipitated (Figure 3.1E). These results strongly suggest the existence of at least one 
complex simultaneously containing BAP1, HCF-1 and YY1. Moreover, the interactions of 
endogenous YY1 with HCF-1 and BAP1 were also confirmed (Figure 3.1F).  
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Figure 3.1: BAP1 assembles high molecular weight multi-protein complexes containing 
YY1 transcription factor. (A) Top panel, extraction of cellular BAP1 protein. HeLa nuclei 
isolated with hypotonic buffer were extracted with 300 mM of KCl for 30 min to obtain the 
nuclear extract and the chromatin/nuclear matrix pellet fractions. The nuclear pellet was 
washed once. All fractions were resuspended in the same volume and used for the 
immunodetection of BAP1. TFIID was detected as a marker for the transcriptional machinery 
and histone H3 as a marker for chromatin. WCE, whole cell extract. Bottom panel, 
endogenous BAP1 migrates in high molecular weight fractions. HeLa nuclear extract was 
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fractionated using glycerol density gradient ultracentrifugation. Fractions collected from the 
top to the bottom were subsequently used for immunodetection of BAP1. The gradient was 
calibrated with the previously purified CtBP complex whose estimated molecular weight is 
~1.3-1.5 MDa. (B) Purification of BAP1-associated proteins. A HeLa cell line stably 
expressing Flag-HA-BAP1 was used for sequential double immunopurification using anti-Flag 
antibody and anti-HA antibody columns. The Flag- or HA-eluted proteins were separated by 
SDS-PAGE and detected by silver staining. The mock purification was conducted using a 
stable cell line generated with the empty vector. Several regions were cut from the gel and the 
polypeptides were identified by mass spectrometry. (C) Immunodepletion of HCF-1 (top 
panel) or BAP1 (bottom panel) from nuclear extracts using an excess of anti-HCF-1 or anti-
BAP1 polyclonal antibodies. A non-relevant anti-HA polyclonal antibody was used as a 
control IgG. BAP1 and HCF-1 were immunodetected in the beads and the flow through 
fractions. The nuclear protein PARP1 was detected as a negative control. (D) BAP1 forms 
high molecular weight multi-protein complexes. Fractionation of the BAP1 purified material 
using a Superose6 HR gel filtration column. The eluted complexes were detected with silver 
stain. BAP1, HCF-1 and YY1 were detected by immunoblotting. (E) Reciprocal 
immunoprecipitation. The Flag purified BAP1 material was used as input for additional 
immunoprecipitations using a polyclonal antibody against HCF-1 or a non-relevant anti-GFP 
antibody (IgG control). The immunocomplexes were extensively washed and YY1, HCF-1 
and BAP1 were detected by immunoblotting. (F) Interaction of endogenous HCF-1, BAP1 and 
YY1. HeLa nuclear extract was used for immunoprecipitation using a polyclonal antibody 
against YY1 (top panel), a polyclonal antibody against HCF-1 (bottom panel) or a non-
relevant anti-GFP antibody (IgG control). The immunocomplexes were washed and YY1, 
HCF-1 and BAP1 were detected by immunoblotting. 
 
 
The DUB activity is not required for BAP1 complexes formation. 
It was recently shown that BAP1 can disassemble K48 ubiquitin chains on HCF-1 
suggesting that this DUB might regulate the stability of HCF-1 and possibly other substrates 
(246, 247). In addition, ubiquitin peptides were detected following mass spectrometry analysis 
of BAP1-associated proteins suggesting that some polypeptides were ubiquitinated (data not 
shown). Thus, we first tested whether loss of BAP1 function affects the stability of YY1. 
Knockdown of BAP1 using two shRNAs resulted in its substantial depletion, whereas no 
significant changes were observed in steady state levels of YY1 or HCF-1 (Figure 3.2A, left 
panel). These results were confirmed using a pool of 4 different siRNAs targeting BAP1 
(Figure 3.2A, right panel). Next, we sought to determine whether DUB activity is required for 
assembly of BAP1 complexes. For this purpose, a stable cell line expressing BAP1 mutated in 
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the catalytic cysteine (C91S) was generated. As BAP1 wildtype or C91S are not highly 
expressed, we did not observe a significant difference in cell proliferation between these two 
conditions (data not shown). Importantly, the purified complexes containing either BAP1, or 
its catalytically inactive form, are essentially indistinguishable (Figure 3.2B, left panel). These 
results were confirmed by immunoblotting for some of the associated components i.e., YY1 
and HCF-1 (Figure 3.2B, right panel).  
 
 
Figure 3.2: The DUB activity is not required for the assembly of BAP1 complexes or YY1 
stability. (A) Depletion of BAP1 does not affect the steady-state levels of YY1 and HCF-1. 
Left panel, HeLa cells were transfected with either non-targeting control or BAP1 shRNA 
plasmids along with the pBABE puromycin resistance-encoding vector, and transfected cells 
were selected by adding puromycin for 2 days prior to harvesting for western blotting using 
the indicated antibodies. Right panel, the siRNA smart pools for human BAP1, or a non-target 
control, were transfected into U2OS cells and expressed for 3 days prior to harvesting for 
western blotting using the indicated antibodies. (B) BAP1 catalytic activity is not required for 
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BAP1 complexes formation. A HeLa cell line stably expressing Flag-HA-BAP1 catalytic 
inactive mutant (C91S) was used along with the wildtype control cells for double 
immunopurification of BAP1 complexes. Silver staining was conducted on fractions from two 
elutions (E1 and E2) with HA peptide (left panel). Immunoblotting was conducted for YY1, 
HCF-1 and BAP1 (right panel). 
 
 
BAP1 directly interacts with YY1 in vitro and HCF-1 is required for complex formation 
in vivo. 
To provide further insight into YY1 interaction with HCF-1/BAP1, we generated 
recombinant proteins including various deletion mutants and conducted in vitro GST pulldown 
assays. We found that BAP1 directly interacts with YY1. The C-terminus region of BAP1 (aa 
599-729), encompassing the coiled coil domain, is necessary and sufficient for this interaction 
(Figure 3.3A, top right panel). We used smaller GST-BAP1 deletion fragments within the 599-
729 aa region and identified the coiled coil domain as the interacting motif (Figure 3.3A, 
bottom right panel). Thus, BAP1 could simultaneously bind YY1 and HCF-1. Next, we 
demonstrated that in vitro translated full length 35S Met-HCF-1 interacts directly with YY1 
and the central region of the latter (aa 142-260), which contains the GA/GK rich domain, is 
required for this interaction (Figure 3.3B, bottom left panel). Finally, we determined that the 
zinc fingers region of YY1 (aa 313-414) is necessary and sufficient for interaction with BAP1 
(Figure 3.3B, bottom right panel). Taken together the above data indicate that BAP1, HCF-1 
and YY1 interact using non-overlapping domains, and thus can form a ternary complex 
involving binary binding for each protein.  
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Figure 3.3: YY1 interacts with HCF-1 and BAP1 in vitro. (A) Interaction in vitro between 
YY1 and BAP1 mutants. Various GST deletion fragments of BAP1 bound to GSH beads were 
incubated with His-YY1 for 8 hours and, following extensive washes, the bead-associated 
complexes were analyzed by coomassie blue staining for GST-BAP1 fragments and western 
blotting for YY1. HBM, HCF-1 Binding Motif; CC, coiled-coil domain. (B) Interaction in 
vitro between HCF-1 or BAP1 and various YY1 mutants. Bottom left panel, interaction in 
vitro between YY1 and HCF-1. Various GST deletion fragments of YY1 bound to GSH beads 
were incubated with in vitro translated 35S labeled-HCF-1 for 8 hours and following 
purification, HCF-1 was analyzed by autoradiography. Bottom right panel, identification of 
the YY1 domain required for interaction with BAP1. Various GST deletion fragments of YY1 
were incubated with His-BAP1 for 8 hours and the bead-associated complexes were analyzed 
by coomassie blue staining and western blotting for BAP1.  
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To further characterize these interactions in vivo, a stable cell line expressing BAP1 
lacking the HBM was generated and used for the double immunopurification of BAP1-
associated proteins. Silver staining of the eluted proteins reveals that while some polypeptide 
bands appear similar between wildtype and mutant, several other bands were absent or 
substantially reduced in the elution of the mutant BAP1 (Figure 3.4A, left panel). As expected, 
HCF-1 was not detected in the elution of the mutant BAP1 (246, 247) (Figure 3.4A, right 
panel). Significantly, BAP1 interaction with YY1 was dramatically reduced between the 
wildtype and the mutant lacking HBM, suggesting that HCF-1 is required for optimal 
interaction between YY1 and BAP1 in vivo. Of note neither YY1 nor HCF-1 levels were 
changed upon expression of BAP1 lacking HBM. Next, we depleted HCF-1 using shRNA and 
immunopurified BAP1. As expected, substantially reduced levels of HCF-1 were observed 
following the BAP1 purification (Figure 3.4B), and the interaction of BAP1 with YY1 was 
again reduced. Altogether, these data indicate that BAP1, HCF-1, and YY1 form a ternary 
complex in vivo, strongly suggesting a functional link between these proteins. We then sought 
to determine whether the DUB activity of BAP1 is modulated by its interacting partners using 
similar amounts of BAP1, either recombinant or assembled into complexes, i.e., WT, ΔHBM 
and C91S (Figure 3.4C, left panel). Deubiquitination assays toward the substrate ubiquitin-
AMC (Figure 3.4C, right panel) were conducted. As expected, no activity could be detected 
for the catalytic inactive BAP1 used as control. However recombinant BAP1 and BAP1 
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Figure 3.4: HCF-1 is required for ternary complex formation with BAP1 and YY1 in 
vivo. (A) HCF-1 is required for proper assembly of BAP1 complexes. A HeLa cell line stably 
expressing Flag-HA-BAP1 lacking the HBM was used for immunopurification using anti-Flag 
and anti-HA antibodies. The eluted material was used for SDS-PAGE and silver stain (left 
panel). Immunoblotting detection of BAP1, HCF-1 and YY1 (right panel). The BAP1 
wildtype (WT) was used as a control. (B) Depletion of HCF-1 destabilizes BAP1 interaction 
with YY1. A HeLa cell line stably expressing Flag-HA-BAP1 was transfected with either a 
non-targeting control or HCF-1 shRNA plasmid along with the pBABE puromycin resistance-
encoding vector, and transfected cells were selected by adding puromycin for 2 days prior 
harvesting for double immunopurification of BAP1. The eluted proteins were detected by 
western blotting using the indicated antibodies. (C) Cleavage of Ub-AMC by various BAP1 
complexes (WT, C91S and ∆HBM) and recombinant BAP1. Left panel, equal quantities of 
BAP1 were used for deubiquitination reactions with 37.5 pmol of Ub-AMC. Right panel, 
release of AMC was monitored by fluorescence spectroscopy (Excitation: 380 nm and 
Emission: 460 nm). All experiments were repeated at least 3 times and the data are presented 
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BAP1 is associated with transcriptionally active chromatin. 
Most of the BAP1-interacting proteins are known to be involved in chromatin-
associated processes suggesting a role for BAP1 in regulating gene expression. BAP1 was 
shown to associate with chromatin (246). In our study, we found that this protein is mostly 
excluded from heterochromatic regions as indicated by the nearly mutually exclusive staining 
between BAP1 and the highly packed chromatin, i.e., regions strongly stained with DAPI 
(Figure 3.5A). Thus, we set out to determine whether BAP1 is associated with 
transcriptionally active regions by isolating the chromatin fraction and conducting short-term 
incubations with micrococcal nuclease (MNase) to release accessible nucleosomes. Nearly all 
BAP1 was recovered in the soluble fraction (Figure 3.5B). As expected, the basal transcription 
factor TFIID and RNA pol II were also recovered predominantly in the soluble fraction. HCF-
1 and YY1 were found in this fraction as well, but to a lesser extent than BAP1 or RNA pol II. 
Histone H3 was only partially recovered indicating that a fraction less accessible to MNase, 
the heterochromatin, remained in the pellet. Consistent with this, histone H3 trimethylated at 
lysine 27, which is associated with transcriptional repression and compacted chromatin (398), 
was found predominantly in the pellet. These results suggest that BAP1 is associated with 
actively transcribed regions where it might form complexes with HCF-1, YY1 and other 
regulators to control gene expression. Although, BAP1/HCF-1 and YY1 were found on 
chromatin, the possibility remained that these proteins coexist in different complexes. To 
determine whether BAP1/HCF-1/YY1 indeed form a complex on chromatin, we 
immunopurified BAP1 from the chromatin fraction following digestion with MNase. We 
found that BAP1 immunoprecipitated both HCF-1 and YY1 from this fraction (Figure 3.5C, 
right panel). Of note, MNase digestion was nearly complete as indicated by the release of 
mononucleosomes (Figure 3.5C, left panel).  
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Figure 3.5: A BAP1/HCF-1/YY1 complex is associated with euchromatin regions.         
(A) Immunolocalization of BAP1 in U2OS cells, indicating that this DUB is mostly excluded 
from heterochromatic regions. To ensure the specificity of immunostaining, U2OS cells were 
transiently transfected with siRNA against BAP1 and at three days post-transfection, cells 
were used for immunostaining employing a BAP1 monoclonal antibody. Following Z-stacks 
image acquisition, RGB profiles were generated by WCIF-ImageJ program (NIH). Although 
most of the cells are depeleted of BAP1, some were not transfected and show normal BAP1 
expression. In the image shown, the cell delimited with the discontinuous line has been RNAi-
depleted for BAP1. The other cell shown in the image presumably did not receive the siRNA 
and expresses normal levels of BAP1.  The intensity of fluorescence signals for BAP1 (red) 
and DNA (blue) at the indicated bars are shown in relative units (bottom right panel). (B) 
BAP1 as well as other components of the BAP1 complexes are associated with euchromatin. 
The chromatin/nuclear matrix fraction was treated with micrococcal nuclease (MNase) to 
release nucleosomes. Proteins were detected in the soluble and pellet fractions by 
immunoblotting or coomassie blue staining. (C) Purification of BAP1/HCF-1/YY1 from 
chromatin fraction. Chromatin fraction of HeLa cells stably expressing Flag-HA-BAP1 was 
digested with MNase (3U/ml) for 10 min. Following centrifugation at 13,000 g/10 min, an 
aliquot was used for phenol-chloroform extraction of DNA and agarose gel analysis (left 
panel). Immunopurification of BAP1 was conducted with the prepared chromatin fraction. The 
eluted proteins were detected using BAP1, YY1 and HCF-1 antibodies (right panel).  
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BAP1 is a transcriptional co-activator and regulates the expression of genes involved in 
numerous cellular processes. 
To elucidate the role of BAP1 in transcription regulation, a well-established 
transcription reporter assay was used (399). This consists of targeting a protein of interest, 
fused in frame with the GAL4 DNA binding domain, to the luciferase reporter driven by a 
promoter containing GAL4 binding sites and the thymidine kinase promoter (Figure 3.6A). A 
fusion between the DNA binding domain of Gal4 (1-147aa) and BAP1 was generated and 
expressed in HeLa cells by transient transfection (Figure 3.6B, bottom panel). Gal4-BAP1 
activated transcription of the reporter gene by 3 to 4 fold (Figure 3.6B, top panel). This effect 
was not observed following expression of BAP1 alone, the Gal4 domain alone, or Gal4-BAP1 
along with a thymidine kinase reporter lacking Gal4 binding sites. Altogether, these results 
suggest that transcription activation by Gal4-BAP1 requires DNA binding and is not an 
indirect effect. A Gal4-BAP1 mutant lacking the HBM, expressed at the same levels as the 
wildtype (Figure 3.6C, right panel), also activated transcription although less efficiently than 
the wildtype form (Figure 3.6C, left panel). Importantly, a Gal4-BAP1 catalytic inactive 
mutant (C91S) was unable to activate transcription suggesting that BAP1 regulates gene 
expression in a DUB activity-dependent manner (Figure 3.6D, top panel). We note that 
although BAP1 C91S was expressed at lower levels than the wildtype for the same quantity of 
transfected DNA (Figure 3.6D, bottom panel), no reporter activation was observed with C91S 
over a wide range of plasmid concentrations.  
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Figure 3.6: BAP1 activates transcription in a DUB-activity dependent manner.              
(A) Schematic representation of the Gal4 transcription system. A transcription reporter assay 
was conducted by targeting BAP1 to the Gal4-TK-luciferase using Gal4-BAP1 fusion protein. 
This consists of targeting a protein of interest, fused in frame to the GAL4 DNA binding 
domain, to the luciferase reporter driven by a promoter containing GAL4 binding sites and the 
thymidine kinase proximal promoter. (B) Gal4-BAP1 activates transcription. HeLa cells were 
transfected with 100 ng of Gal4-BAP1, BAP1 or Gal4 expression plasmids along with 500 ng 
Gal4-TK-Luciferase or 500 ng TK-Luciferase reporter plasmids. Equal expression of various 
BAP1 constructs was confirmed by western blotting using anti-BAP1 (bottom panel) and 
luciferase activity was measured (top panel) at 2 days post-transfection. (C) HCF-1 is 
essentially dispensable for Gal4-BAP1 transcriptional activity. The Gal4 reporter assay was 
conducted using 500 ng Gal4-TK-Luciferase and equal amount of Gal4-BAP1 WT and Gal4-
BAP1 ∆HBM. The expression of BAP1 constructs was monitored by western blotting (right 
panel) and luciferase activity was measured (left panel) at 2 days post-transfection. (D) The 
BAP1 catalytic activity is required for transcription activation. The Gal4 reporter assay was 
conducted using 500 ng Gal4-TK-Luciferase and various amounts of Gal4-BAP1 WT or the 
catalytic inactive mutant (C91S). The expression of BAP1 constructs was monitored by 
western blotting (bottom panel) and luciferase activity was measured (top panel) at 2 days 
post-transfection. All experiments were repeated at least 3 times and the results shown are 
from a representative experiment. Data are presented as mean ± SD. 
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In order to identify potential BAP1 target genes, global mRNA expression profiling 
using microarrays was conducted following BAP1 depletion in U2OS cells using two shRNA 
constructs and a non-targeting shRNA as a control. The gene expression data for both shRNAs 
are deposited in the Gene Expression Omnibus (GEO) NCBI database (accession number: 
GSE23035). Using the cut-off of two-fold difference relative to the control, we found that 
BAP1 depletion resulted in significantly elevated or decreased expression of about 249 genes 
(137 up-regulated and 112 down-regulated). Among these genes, several are associated with 
cell cycle progression, DNA damage signaling/repair, as well as survival and metabolism, 
suggesting that BAP1 participates in diverse cellular processes (Figure 3.7A and Table III.I). 
Interestingly, several E2F target genes including skp2, p107, cdc2, cdc25a were 
downregulated. The effect of BAP1 knockdown on the expression of some of these genes and 
others was further validated by RT-PCR (Figure 3.7B).  
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Figure 3.7: BAP1 regulates the expression of genes involved in numerous cellular 
processes. (A) Functional analysis of genes deregulated following BAP1 depletion. The bar 
chart was generated by Ingenuity Pathways Analysis Version 8.5 using 1244 genes 
deregulated for both shBAP1s (Fold change: less than 0.7 and more than 1.5). The p value is 
calculated using the Fisher Exact Test. The smaller the p-value the less likely that the 
association is random. The line denotes the cutoff for significance (p value of 0.05).  (B) RT-
PCR analysis of selected genes. U2OS cells were transfected with either a non-targeting 
control or BAP1 shRNA plasmids along with the pBABE puromycin resistance-encoding 
vector, and transfected cells were selected by adding puromycin for 24 hours prior to 
synchronization at the G1/S border by the method of double thymidine block. mRNA 
quantification was conducted by real time RT-PCR analysis. All experiments were repeated at 
least 3 times and the data are presented as mean ± SD. 
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BAP1 is recruited by YY1 to regulate cox7c gene expression. 
It is not known whether BAP1 assembles complexes that can be recruited to specific 
promoters to activate transcription. In light of our data, we reasoned that BAP1 might be 
recruited by YY1 to regulate gene expression. To investigate this possibility, we selected 
cox7c, one of the most downregulated genes based on our microarrays data. cox7c encodes a 
subunit of the holoenzyme that mediates the terminal step of the mitochondrial electron 
transport chain. The bovine cox7c promoter has been shown to contain two YY1 binding sites, 
mutations in which abrogate most of the promoter activity (400). These sites are highly 
Table I: Genes deregulated following BAP1 depletion are associated with different cellular functions.
Gene namea Gene symbol
shBAP1 #1 shBAP1 #2
Fold changeb P value Fold changeb P value
Cell cycle
cyclin E2 CCNE2 0,18 5,15E-07 0,18 6,05E-06
CDC5 cell division cycle 5-like (S. pombe) CDC5L 0,30 1,23E-06 0,65 1,02E-05
S-phase kinase-associated protein 2 (p45) SKP2 0,39 2,07E-05 0,28 1,84E-05
cell division cycle 2 CDC2 0,39 1,38E-05 0,33 3,55E-05
cell division cycle 25A CDC25A 0,42 2,41E-04 0,40 1,85E-07
retinoblastoma-like 1 (p107) p107 0,44 2,11E-05 0,53 6,88E-04
E2F transcription factor 5 E2F5 2,10 9,17E-05 4,00 3,74E-07
cyclin D2 CCND2 2,32 8,10E-07 3,01 6,18E-08
DNA replication
replication factor C (activator 1) 3 RFC3 0,42 7,01E-06 0,29 5,79E-05
CDC6 cell division cycle 6 homolog (S. cerevisiae) CDC6 0,46 1,58E-05 0,34 5,78E-06
CDC45 cell division cycle 45-like (S. cerevisiae) CDC45L 0,47 1,91E-04 0,31 6,95E-05
geminin GMNN 0,48 2,41E-05 0,56 1,97E-05
DNA repair
CHK1 checkpoint homolog (S. pombe) CHEK1 0,38 9,19E-07 0,51 5,31E-07
RAD51-like 1 (S. cerevisiae) RAD51L1 0,44 2,24E-04 0,47 5,41E-06
ubiquitin specific peptidase 1 USP1 0,48 1,06E-05 0,40 3,67E-05
breast cancer 1, early onset BRCA1 0,48 5,43E-05 0,44 2,19E-04
BRCA1 interacting protein C-terminal helicase 1 BRIP1 0,49 1,19E-04 0,37 5,13E-05
Survival/Apoptosis
platelet-derived growth factor receptor, alpha polypeptide PDGFRA 0,20 6,26E-05 0,18 1,05E-05
baculoviral IAP repeat-containing 5 (survivin) BIRC5 0,41 4,92E-06 0,44 1,73E-04
transcriptional adaptor 3 (NGG1 homolog, yeast)-like TADA3L 0,43 2,33E-06 0,51 5,14E-04
tumor necrosis factor receptor superfamily, member 10b TNFRSF10B 2,13 1,25E-07 2,93 4,56E-08
BCL2-related protein A1 BCL2A1 3,72 1,14E-05 5,81 4,48E-07
Metabolism
carbonic anhydrase II CA2 0,22 8,99E-06 0,45 4,26E-06
cytochrome c oxidase subunit VIIc COX7C 0,23 7,85E-07 0,57 1,48E-05
UDP-glucuronate decarboxylase 1 UXS1 0,30 8,45E-06 0,27 7,60E-07
ELOVL family member 6 ELOVL6 0,32 2,79E-06 0,52 1,32E-05
N-acetylneuraminate pyruvate lyase (dihydrodipicolinate synthase NPL 0,41 3,38E-06 0,65 9,79E-05
cytochrome b5 reductase 1 CYB5R1 0,45 5,21E-07 0,63 3,34E-05
BRCA1 associated protein-1 BAP1 0,33 4,59E-05 0,33 7,46E-07
aGenes are selected as representative example of different cellular functions
bThe values represent the ratio shBAP1/shControl. 
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conserved in mouse and human (Figure 3.8A). First, we confirmed that COX7C protein levels 
were also downregulated following BAP1 depletion in U2OS and HeLa cells (Figure 3.8B). 
Moreover, similar results were obtained following knockdown of HCF-1 (Figure 3.8B). 
Interestingly, depletion of YY1 induces a significant increase of COX7C expression in both 
HeLa and U2OS cells (Figure 3.8B). To determine whether BAP1 regulates cox7c expression 
in a DUB activity-dependent manner, we transduced U2OS cells with retroviral particles to 
overexpress either BAP1 or BAP1 C91S mutant (Figure 3.8C). BAP1 C91S significantly 
inhibited the expression of COX7C protein, an effect not observed with the wildtype form. Of 
note, BAP1 C91S is a bona fide dominant negative mutant since it competes with wildtype 
BAP1 for assembly of the same multi-protein complexes (Figure 3.2B). To further 
characterize the role of the BAP1/HCF-1/YY1 complex in regulating gene expression, we 
conducted ChIP assays and found that these proteins are all enriched on the promoter region of 
cox7c, but not on the β-globin promoter (Figure 3.8D, left panel). Moreover, YY1 depletion 
by shRNA significantly decreased the enrichment of BAP1 and HCF-1 on the cox7c promoter 
indicating an essential role of YY1 in targeting BAP1/HCF-1 to specific gene regulatory 
regions (Figure 3.8D, left panel and Figure 3.8E). Of note, shRNA-mediated depletion of YY1 
did not affect either HCF-1 or BAP1 levels (Figure 3.8D, right panel). 
	   87	  
 
Figure 3.8: YY1 recruits BAP1 to co-activate cox7c expression. (A) Alignment of cox7c 
promoter sequences from various mammalian species, Homo Sapiens, NC000005.9; Bos 
Taurus, NC007305.3; Mus Musculus NC000079.5. The YY1 binding sites are framed. The 
TSS is underlined. (B) Expression of COX7C following depletion of BAP1, HCF-1 or YY1. 
COX7C protein levels following transfection with BAP1 (left panel), HCF-1 (middle panel), 
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YY1 (right panel) or non-target control shRNAs in U2OS or HeLa cells. Following 
transfection and selection with puromycin for 2 days, cells were harvested for 
immunoblotting. (C) Downregulation of COX7C following expression of catalytic inactive 
BAP1. U2OS cells were transduced with retroviral particles to overexpress either BAP1 or its 
catalytic inactive form (C91S). Following 3 days, cells were harvested for western blotting 
using the indicated antibodies. (D) cox7c promoter occupancy by YY1, BAP1, and HCF-1. 
YY1 shRNA was expressed in U2OS cells by transfection and selection with puromycin for 2 
days before harvesting for ChIP (left panel) or western blotting (right panel). ChIP was 
conducted using polyclonal antibodies against BAP1, HCF-1 or YY1. An IgG was used as 
control. The enrichment of factors was calculated versus β-globin promoter used as a control. 
All experiments were repeated at least 3 times and the results shown are from a representative 
experiment. Data are presented as mean ± SD. (E) Model representing the recruitment of 
BAP1 and HCF-1 to the cox7c promoter by the transcription factor YY1. 
 
 
3.6 DISCUSSION  
In this study, we identified novel BAP1-interacting proteins and showed that nearly all 
cellular BAP1 forms high molecular weight multi-protein complexes with several transcription 
factors and cofactors. The associated partners are likely to play critical roles in targeting BAP1 
to potential substrates, thereby regulating its function. Based on the relative abundance of 
BAP1-associated proteins purified from HeLa or U2OS cells, and on data from other studies 
(41, 246, 247), it appears that HCF-1, ASXL1 and/or ASXL2, OGT, FOXK1 and/or FOXK2 
might form a BAP1 core complex. This minimal complex may selectively associate with 
additional regulators or transcription factors to form specific functional complexes in a cell 
type- and/or promoter-dependent manner. Indeed, sub-stoichiometric levels of several 
transcription factors co-purified with BAP1. These factors are involved in a wide range of 
cellular processes, suggesting that BAP1 might exert a much broader role in regulating cell 
function than previously appreciated. Consistent with this notion, BAP1 depletion by RNAi 
induced profound changes in the expression of genes mediating and/or controlling numerous 
cellular pathways. Further studies will be needed to investigate how BAP1, via selective 
interactions with specific transcription factors and cofactors, regulates specific biological 
responses.  
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We provided strong evidence that BAP1 is a transcriptional co-activator: i) BAP1 
associates with transcriptionally active chromatin. ii) BAP1 acts as an activator, in a DUB 
activity-dependent manner when targeted to a promoter using the Gal4 system. iii) Genome 
wide expression analysis reveals a considerable number of genes downregulated following 
BAP1 depletion. iv) BAP1 directly occupies the cox7c promoter, and depletion of BAP1 
results in downregulation of this gene. It is also possible that BAP1 possesses dual co-
activator/co-repressor functions, depending upon its association with specific transcription 
factors and cofactors on the regulatory elements of target genes. In agreement with this latter 
hypothesis, some BAP1-interacting proteins including HCF-1, YY1, OGT and ASXL are 
known to interact with both co-activators and co-repressors (377, 401-407). In addition, a 
significant number of genes were up-regulated following depletion of BAP1. This suggests 
that BAP1 might exert a repressive effect on their promoters although these genes could 
constitute indirect targets, i.e., their up-regulation results from secondary changes induced by 
BAP1 depletion.  
Using YY1 as a model for sequence-specific transcription factors that interact with 
BAP1/HCF-1, we demonstrated that these three proteins form a ternary complex in vivo which 
can associate with chromatin. Moreover, we found that BAP1 and HCF-1 are recruited by 
YY1 to co-activate cox7c, a gene previously reported to depend on YY1 binding sites for 
transcriptional activation (400). While depletion of BAP1 or HCF-1 reduces expression of 
cox7c, in contrast depletion of YY1 induces an increase in expression of this gene. These 
results suggest that YY1 possesses a dual function of both repressor and activator of cox7c, 
depending on its association with the HCF-1/BAP1 co-activator complex. A similar 
repression/activation mechanism by YY1 has been previously shown for the murine beta 
interferon promoter (408, 409). Consistent with this model, YY1 interacts with HCF-1 through 
the central region containing a GA/GK rich domain, previously shown to be involved in 
interactions with HDACs (401). This suggests that the association of YY1 with HCF-1/BAP1 
is mutually exclusive with respect to its interaction with HDAC co-repressive complexes. 
With respect to cox7c expression, it is well-known that nuclear-encoded mitochondrial genes 
including components of the cytochrome C oxidase complex are not constitutively expressed, 
but rather subject to tight regulation by several transcription factors and cofactors depending 
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on the state of cell growth, energy balance and other tissues-specific needs (410). Therefore, 
such genes are expected to oscillate between activation and repression states.  
It is not clear at the present time whether BAP1 regulates all YY1 target genes. It is 
possible that it might regulate only a subset of these targets, perhaps those on which YY1 acts 
as an activator only or on which it might exert dual activator/repressor function. Other 
transcription factors might dictate the specificity via interaction with YY1. Indeed YY1 is well 
known to interact with numerous transcription factors such as SP1, C-myc, and E2Fs (386, 
411, 412). HCF-1, via additional interactions, might also contribute to the selectivity of BAP1 
recruitment to specific YY1-target genes. In this respect it is not surprising that Gal4-BAP1 
lacking HBM is only slightly impaired in transcription activation, suggesting that the 
interaction between HCF-1 and BAP1 might be mostly involved in recruitment of the latter to 
specific promoters.  
Precisely how the assembled BAP1/HCF-1/YY1 complex acts to induce activation of 
cox7c or other target genes remains to be established. Nonetheless, the data suggest that the 
molecular mechanism involves ubiquitin signaling and deubiquitination of specific substrates 
on target promoters. BAP1 might be continuously needed to prevent degradation of HCF-1 
(246, 247). Although the stability of the total cellular pool of HCF-1 is not significantly 
affected by BAP1 depletion, it is nonetheless possible that BAP1 stabilizes HCF-1 only on 
specific promoters following recruitment by YY1 or other transcription factors. Consistent 
with this, a BAP1 catalytic inactive mutant exerts a dominant negative effect on cox7c 
expression. It is also plausible that HCF-1 association with BAP1 and YY1 targets the DUB 
activity to deubiquitinate histones, specific transcription factors, or components of the general 
transcription machinery. Consistent with this, the drosophila BAP1 Calypso deubiquitinates 
monoubiquitinated H2A, a histone mark associated with gene repression (155). However, 
Calypso does not possess HBM and thus the mammalian BAP1 appears to selectively 
associate with HCF-1 and numerous other proteins not found with Calypso. In addition, in 
contrast to Calypso whose activity on ubiquitin-AMC is very low when not associated with 
ASX, the recombinant mammalian BAP1 appears to have the same activity as complexed 
BAP1. We note that although BAP1 partners do not affect its DUB activity on ubiquitin-
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AMC, this does not exclude the possibility of their effect in the context of a physiological 
substrate in vivo. 
Our results also shed light on the biological function of BAP1. This DUB was 
previously shown to be required for proper cell cycle progression, particularly the G1/S 
transition (246, 361), Moreover we observed similar effects in U2OS (data not shown), the 
cell type used here for global gene expression analysis. We also provided molecular insight 
linking BAP1 to the control of cell cycle genes including subsets of E2F targets. In addition 
HCF-1 is known to be required for normal G1/S transition, and was recently shown to play a 
major role in regulating the expression of E2F target genes by promoting histone H3 K4 
trimethylation (248, 413). Thus, BAP1 might play a pivotal role in regulating the G1/S 
transition under normal and possibly stress conditions. Supporting this view, BAP1 is 
phosphorylated on an ATM/ATR consensus motif in response to DNA damage (59, 414), 
suggesting that these critical DNA damage-responsive checkpoint kinases might regulate 
BAP1 DUB activity and thus its function in controlling expression of cell cycle genes. 
BAP1 might also participate in transcriptional regulatory programs that coordinate cell 
growth with cell cycle. For instance, in addition to cox7c, the expression of several 
mitochondrial and general metabolism genes are shown here to be deregulated upon BAP1 
knockdown. Interestingly, recent bioinformatics and genome-wide promoter occupancy 
studies indicated that YY1 binding sites are enriched in the promoter regions of nuclear genes 
that encode mitochondrial proteins (415, 416). Moreover, NRF1, a major regulator of 
mitochondrial respiration, co-purifies with BAP1 (Figure 3.1B); and both YY1 and NRF1 
binding sites are frequently found in close proximity in a large number of promoters of genes 
encoding mitochondrial proteins (415, 416). Furthermore HCF-1 has been found to interact 
with, and increase the transcriptional activity of, peroxisome proliferator-activated receptor 
gamma co-activator-1 (PGC-1), a major transcriptional regulator of mitochondrial biogenesis 
(417, 418). Thus BAP1 might play an important role in dynamically controlling transcriptional 
responses that coordinate mitochondrial function. Such responses in turn could constitute 
targets of stress signaling pathways (e.g., induced by DNA damage) that orchestrate adaptative 
metabolic responses.  
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In summary, our work indicates that BAP1 associates with several transcription factors 
and co-factors and is a gene-specific transcription regulator. As such, our findings establish a 
framework for further studies to (i) delineate the exact role of BAP1 in regulating the 
expression of genes involved in cell cycle progression, and (ii) define how deregulation of 




This work was supported by grants to E.B.A. from the Terry Fox Foundation 
(grant#018144) and to Y.S from NIH (grant#GM053874). E.B.A. is a scholar of Le Fonds de 
la Recherche en Santé du Québec (FRSQ). H.Y. is a scholar of the Cole Foundation and the 
CIHR. We are grateful to Winship Herr for his generous gift of HCF-1 construct and 














	   94	  
4. ARTICLE : 
Tumor suppressor and deubiquitinase BAP1 promotes DNA 
double-strand break repair. 
 
 
Publié dans : Proceedings of the National Academy of Sciences of the United States of 
America 111(1):285-290. 
 
Helen Yu a,1, Helen Pak a,1, Ian Hammond-Martel a, Mehdi Ghram a, Amélie Rodrigue b, 
Salima Daou a, Haithem Barbour a, Luc Corbeil a, Josée Hébert a, Elliot Drobetsky a, Jean 
Yves Masson b, Javier M. Di Noia c, and El Bachir Affar a,2 
 
aMaisonneuve-Rosemont Hospital Research Center, Department of Medicine, Université de 
Montréal, Montréal, QC, Canada H1T 2M4;  
bGenome Stability Laboratory, Laval University Cancer Research Center, Hôtel-Dieu de 
Québec (Centre Hospitalier Universitaire de Québec), Québec, QC, Canada G1R 2J6; 
cResearch Unit in Mechanisms of Genetic Diversity, Institut de Recherches Cliniques de 
Montréal, Department of Medicine, Université de Montréal, Montréal, QC, Canada H2W 1R7 
1H.Y. and H.P. contributed equally to this work. 
2Correspondence 
 
Author contributions: H.Y., J.Y.M., J.M.D.N., and E.B.A. designed research; H.Y., H.P., I.H.-
M.,M.G., A.R., S.D., H.B., and L.C. performed research; H.Y., H.P., I.H.-M., M.G., A.R., S.D., 
H.B., L.C., J.H., E.D., J.Y.M., J.M.D.N., and E.B.A. analyzed data; and H.Y. and E.B.A. wrote 
the paper. 
 
Contribution de Helen Yu: Une contribution concernant la conception, la préparation des 
protocoles, l’exécution des manipulations, l’interprétation des résultats, la préparation des 
figures et l’écriture de l’article. 
	   95	  
4.1 RÉSUMÉ 
La réponse cellulaire aux bris double brin (DSBs) de l’ADN implique une coordination 
précise de multiples facteurs de la signalisation cellulaire et de la réparation de l’ADN. Ici, 
nous avons mené un criblage fonctionnel par ARNi et nous avons identifié BAP1 en tant 
qu’une déubiquitinase requise pour l'assemblage efficace des foyers induits par les radiations 
ionisants (IRs) de BRCA1 et de RAD51, des protéines de la recombinaison homologue (HR). 
BAP1 est une protéine associée à la chromatine qui est fréquemment inactivé dans différents 
cancers. Pour approfondir le rôle de BAP1 dans la réparation des DSBs, nous avons utilisé une 
approche d’invalidation génique de cette DUB dans les cellules aviaires DT40. Nous avons 
démontré que les cellules déficientes en BAP1 sont (i) sensible aux IRs et à d'autres agents qui 
induisent des DSBs, (ii) défectives au niveau de la conversion des gènes d'immunoglobulines 
(un processus dépendant de HR) et (iii) présentent une fréquence accrue de cassures 
chromosomiques après un traitement aux IRs. Nous avons également démontré que BAP1 est 
recruté à la chromatine à proximité d'un site unique de DSB induit spécifiquement par I- Scel. 
Finalement, nous avons identifié six sites de phosphorylation de BAP1 induits par les IRs et 
nous avons démontré que la mutation de ces résidus inhibe le recrutement de BAP1 aux sites 
du DSB. Nous avons également montré que l’activité catalytique et la phosphorylation de 
BAP1 sont nécessaires pour promouvoir la réparation de l'ADN et la récupération cellulaire 
contre les dommages de l'ADN. Nos données révèlent un nouveau rôle de BAP1 dans la 
réparation des DSBs par HR, établissant ainsi une base moléculaire possible pour sa fonction 
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4.2 ABSTRACT 
The cellular response to highly genotoxic DNA double-strand breaks (DSBs) involves 
the exquisite coordination of multiple signaling and repair factors. Here, we conducted a 
functional RNAi screen and identified BAP1 as a DUB required for efficient assembly of the 
homologous recombination (HR) factors BRCA1 and RAD51 at ionizing radiation (IR)-
induced foci (IRIF). BAP1 is a chromatin-associated protein frequently inactivated in cancers 
of various tissues. To further investigate the role of BAP1 in DSB repair, we used a gene 
targeting approach to knock out this DUB in chicken DT40 cells. We demonstrate that BAP1-
deficient cells are (i) sensitive to IR and other agents that induce DSBs, (ii) defective in HR-
mediated immunoglobulin gene conversion and (iii) exhibit an increased frequency of 
chromosomal breaks following IR treatment. We also show that BAP1 is recruited to 
chromatin in the proximity of a single site-specific I-SceI-induced DSB. Finally, we identified 
six IR-induced phosphorylation sites in BAP1 and demonstrated that mutation of these 
residues inhibits BAP1 recruitment to DSB site. We also found that both BAP1 catalytic 
activity and its phosphorylation are critical for promoting DNA repair and cellular recovery 
from DNA damage. Our data reveal a novel role for BAP1 in DSB repair by HR, thereby 
providing a possible molecular basis for its tumor suppressor function. 
 
4.3 SIGNIFICANCE STATEMENT 
BAP1 is a deubiquitinase of histone H2A involved in chromatin remodeling. Several 
studies identified BAP1 as major tumor suppressor inactivated in various cancers. 
Nonetheless, the manner in which BAP1 protects against cancer development remains 
enigmatic. We now demonstrate that BAP1 is recruited to double strand DNA break sites and 
promotes error-free repair of these lesions. We also provide the first evidence that 
phosphorylation coordinates the function of BAP1 in promoting cellular recovery from DNA 
damage. Thus, our study represents a significant advance in the field of ubiquitin signaling in 
the context of cancer development. 
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4.4 INTRODUCTION  
Following induction of DSBs, a convoluted ubiquitin-mediated signaling cascade 
culminates in the assembly of multiple repair proteins at the site of DNA damage (53). These 
early ubiquitin signaling events involve, most notably, the recruitment of the RING finger E3 
ligases RNF8/RNF168. RNF168 catalyzes K63-linked ubiquitin chains formation on histones 
H2A/H2AX, which is required for the recruitment of key downstream factors including 
53BP1, BRCA1, and RAD51 (109). 53BP1 and BRCA1/RAD51 promote, in a cell cycle-
dependent manner, DSB repair via non-homologous end joining (NHEJ) and homologous 
recombination (HR) respectively (419). In parallel, another ubiquitin signaling pathway, 
involving the Polycomb group complex PRC1, also contributes to coordinate the DSB 
response. PRC1 catalyzes the monoubiquitination of H2A on K119 residue (H2Aub), a critical 
chromatin modification involved in regulating gene expression and DNA damage/repair 
responses (420). It was proposed that H2Aub promotes silencing of transcription in chromatin 
regions flanking the DSBs, thus facilitating DNA repair (104, 106). 
Several deubiquitinases (DUBs) have also been linked to DSB signaling and growing 
evidence suggests that deubiquitination might exert an extensive control on the recruitment 
and/or disassembly of proteins at the site of DNA damage. For instance, BRCC36, a K63 
chain-specific DUB, regulates the recruitment of repair proteins by modulating the level of 
ubiquitin chains (27, 94). POH1/rpn11/PSMD14, a regulatory subunit of the 19S proteasome, 
deconjugates ubiquitin chains at DSB sites and promotes the recruitment of RAD51 (95). 
USP3 and OTUB1 have also been reported to be important for DSB signaling and repair (97, 
212). 
The DUB BAP1 is a tumor suppressor inactivated in various types of cancer (143). 
BAP1 forms multi-protein complexes with several chromatin associated-proteins notably the 
host cell factor 1 (HCF-1) and regulates transcription (245). The Drosophila BAP1, Calypso 
was shown to deubiquitinate H2Aub (155). Thus BAP1 might be involved in the DNA 
damage response by coordinating H2A ubiquitination. Notably, proteomic studies revealed 
BAP1 among phosphorylated proteins during DNA damage (414). Nonetheless, the role of 
BAP1 in DNA damage response, and more generally the mechanism of tumor suppression 
exerted by this DUB, remain unclear. In the current study, we identify BAP1 as a novel 
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regulator of DSB repair, which in turn may elucidate the molecular underpinnings of its to 
date poorly understood tumor suppressor function. 
  
4.5 RESULTS  
A DUB RNAi screen reveals novel regulators of HR proteins assembly at IRIF.  
We sought to identify novel DUBs required for the recruitment or the dispersion of 
repair proteins at IRIF. A human DUB RNAi library was used to screen for DUBs whose 
depletion affect the number of RAD51 or BRCA1 foci at DSB sites (Fig. 4.1A). A twenty-four 
hours time point post-IR was selected for our studies, time at which 50-60 % of cells still 
exhibit DSB foci, thus facilitating detection of any potential increase or decrease of foci 
formation (Fig. 4.1B). Several DUBs were identified in this manner as associated with either 
increased, or more often decreased, RAD51 and/or BRCA1 foci (Fig. 4.1C, Table IV.SI). As a 
proof of validity, we also identified BRCC36, USP3 and PSMD14, which have been 
previously reported to regulate DSB signaling by impacting RAD51 and/or BRCA1 foci 
formation	  (95, 212, 421). The novel DUB candidates whose knockdown induced a decrease in 
BRCA1/RAD51 foci formation include BAP1, DUB3, STAMBP, STAMBPL1 and COPS5 
(Fig. 4.1C). We also identified candidate DUBs whose knockdown result in increased 
BRCA1/RAD51 foci formation, notably ZRANB1 (Fig. 4.1C). Immunostainings of BRCA1 
and RAD51 foci following depletion of the known DSB regulator PSMD14 and the novel 
candidate BAP1 are shown (Fig. 4.1D). 
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Figure 4.1: DUB screen identifies novel regulators of HR protein assembly at IRIF.           
A) Schematic representation of DUB loss-of-function screen for IRIF regulators. U2OS cells 
were transfected with individual siRNA pool targeting DUBs, exposed to IR and collected for 
staining. B) Graphs represent the percentage of cells with more than 10 foci of BRCA1 or 
RAD51. Dashed red line shows the percentage of cells with protein foci for the control 
sample. C) Venn diagrams showing DUBs associated with reduced or increased percentage of 
cells with foci. DUBs having the same phenotype with both BRCA1 and RAD51 foci are 
indicated. D) Representative staining of BRCA1 and RAD51 foci in PSMD14- and BAP1- 
depleted cells. 
 	  
BAP1 promotes the recruitment of HR proteins at IRIF. 
We focused on further characterization of BAP1 in the DNA damage signaling/repair 
processes. We used two additional shRNA constructs targeting BAP1 and found that in each 
case both BRCA1 and RAD51 foci were significantly reduced (Fig. 4.S1A). Next, we 
monitored the dynamics of IRIF formation for several key proteins in BAP1-depleted cells. 
Primary human fibroblasts (LF1) were transfected either with control or BAP1 siRNA 
constructs, irradiated and analyzed at different time points post-damage (Fig. 4.2A,B and Fig. 
4.S1B). Relative to control cells, the majority of BAP1-depleted cells exhibited less than 10 
BRCA1 and RAD51 foci per cell at all time points, although γH2AX focus formation was 
similar. It is known that 53BP1 inhibits BRCA1-mediated HR and promotes NHEJ during the 
G1 phase (422). However, cell cycle analysis did not reveal any substantial accumulation of 
cells in the G1 phase (Fig. 4.S2A). In addition, we did not observe any significant increase in 
53BP1 foci either prior to, or post, IR treatment (Fig. 4.2A,B). Consistent with these results, 
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staining for foci containing auto-phosphorylated DNA-PK, a kinase required for NHEJ (423), 
did not reveal significant differences between BAP1-depleted and control cells (Fig. 4.2A,B). 
Interestingly, constitutive BRCA1 foci, that are distinct from IRIF, were also reduced in 
BAP1-depleted cells indicating that this DUB might be involved in coordinating BRCA1 
association with chromatin under normal growth conditions. Of note, BRCA1/RAD51 protein 
expression were not significantly different following BAP1 depletion (Fig. 4.2C). We note 
that IR-induced accumulation of the p53 tumor suppressor was essentially similar in control 
vs. BAP1-depleted cells (Fig. 4.S2B). As expected, BAP1-depleted cells manifested a global 
increase of H2Aub (Fig. 4.2C and Fig. 4.S2C).  
BAP1 does not distinctly accumulate at IRIF (Fig. 4.S1A), but might be transiently and 
dynamically recruited to DSBs. To assess the potential recruitment of BAP1 to DNA breaks, 
we fractionated cellular extracts from untreated vs. IR-treated cells and observed a consistent 
increase of BAP1 in the chromatin fraction in response to IR (Fig. 4.2D). As expected, 
accumulation of RAD51 and BRCA1 on chromatin was readily observed. Of note, no obvious 
change of global H2Aub was observed in the chromatin fractions suggesting that DNA 
damage-induced H2A ubiquitination marginally contribute to the global H2Aub signal. We 
further probed whether BAP1 is indeed recruited to DSB sites by chromatin 
immunoprecipitation (ChIP) (Fig. 4.2E). Real-time PCR quantification of immunoprecipitated 
chromatin by BAP1 in the vicinity of a unique DSB created by I-SceI in vivo indicated that 
BAP1 is enriched near the DSB site. Importantly, at the break site, H2Aub levels were 
inversely correlated with BAP1 recruitment. In contrast, no recruitment of BAP1 was detected 
distal to the break, where high levels of H2Aub were observed.  
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Figure 4.2 : BAP1 promotes IRIF formation and is recruited to the site of double strand 
breaks (DSBs). LF1 cells were transfected with either control or BAP1 siRNA. Three days 
following transfection, control and BAP1 RNAi cells were combined (1:1) and treated with IR 
(7.5 Gy). Cells were fixed and stained for IRIF proteins in BAP1-depleted cells. 
Representative staining of cells at 12 hours post-IR treatment are shown in A) and the data are 
presented as mean ± SD in B). Dashed white line encircles cells with effectively reduced 
BAP1 expression. Statistical analysis was performed using Student’s t-test, *P < 0.05, **P < 
0.01. C) Protein levels of BRCA1, RAD51 and other proteins were determined by western 
blotting. D) BAP1 is recruited to chromatin after DNA damage. HeLa cells were treated with 
IR (15 Gy) and chromatin was isolated and analyzed for the indicated proteins. E) BAP1 is 
recruited at the proximity of a single DSB in MCF7 cells carrying an I-SceI site. Top, 
schematic representation of the DSB created by I-SceI and the position of the primers used for 
the ChIP assay. Bottom, enrichment of endogenous BAP1 and H2Aub on regions at proximity 
to the DSB was determined by ChIP and calculated as percentage of the input. Experiments 
were repeated 2 times independently and real-time PCR was performed 3 times for each 
experiment. Data are presented as mean ± SEM. 	  	  
BAP1 KO DT40 cells are sensitive to DSB-inducing agents and defective in HR-mediated 
sIgM gene conversion. 
 To further investigate the function of BAP1 in HR, we generated a conditional BAP1 
KO chicken B lymphoma DT40 cells (Fig. 4.3A). BAP1 is highly conserved between human 
and chicken (Fig. 4.S3A). Southern blot analysis indicated that both alleles were ablated (Fig. 
4.3B). Targeting of one allele included an expression cassette with the human BAP1 cDNA 
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flanked by two loxP sites allowing Cre-mediated excision. The DT40 Cre-1 cell line used for 
the KO generation stably expresses a tamoxifen inducible Cre recombinase (424). Thus, 
following tamoxifen treatment, >95% of the cells lose BAP1 expression (Fig. 4.S3B). To 
obtain cell populations that are completely BAP1-deficient, we isolated two single cell KO 
clones with complete absence of BAP1 expression (Fig. 4.3C). BAP1-deficient DT40 cells 
show, as expected, a global increase of H2Aub (Fig. 4.3C). Cell proliferation was also delayed 
in BAP1 KO cells (Fig. 4.S4). 
To assess the role of BAP1 in DSB repair, we conducted survival assays with BAP1 
KO DT40 cells treated with DNA damaging agents that induce DSBs. Since BAP1 KO cells 
proliferate slower than WT cells (Fig. 4.S4), cell numbers were adjusted before treatment to 
compensate for any potential bias that could be introduced as a consequence of unequal cell 
proliferation. We observed that the BAP1-/- cells are more sensitive to IR than WT cells (Fig. 
4.3D). BAP1 KO sensitivity to IR is accompanied by an elevated level of chromosome 
aberrations (Fig. 4.3E, 4.S5). HR-deficient cells, such as cancer cells harboring inactivating 
mutations in BRCA1 or BRCA2, are hypersensitive to poly (ADP-ribose) polymerase (PARP) 
inhibition (425). We analyzed the response of BAP1 -/- cells to the PARP inhibitor, Olaparib. 
Indeed, BAP1 -/- cells are strikingly sensitive to PARP inhibition relative to BAP1 +/+ and +/- 
cells (Fig. 4.3D). The high sensitivity of BAP1 KO cells to IR and Olaparib is consistent with 
the recently reported sensitivity of renal carcinoma-derived BAP1-deficient cells to DSB-
inducing agents (150). 
 In order to confirm a role for BAP1 in HR, we took advantage of the fact that DT40 
cells constitutively diversify their immunoglobulin loci by gene conversion (426). The DT40 
Cre-1 cell line harbors a frameshift in the rearranged V segment of the Ig light chain gene 
(IgL), which results in a surface IgM negative (sIgM-) phenotype. This frameshift can be 
repaired by HR-based gene conversion in a fraction of the cells, leading to the re-expression of 
sIgM (Fig. 4.3F). Thus, the proportion of sIgM+ revertants in the population can be used to 
quantify gene conversion efficiency. sIgM- cells were sorted and expanded to allow gene 
reversion for the same number of population doublings. While approximately 8 % of BAP1 
+/+ cells reverted, both BAP1 -/- clones were relatively defective (1 % and 0.5 %) whereas 
BAP1 +/- cells showed an intermediate phenotype (5 %) (Fig. 4.3F).  
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Figure 4.3 : BAP1 KO DT40 cells are sensitive to DNA damaging agents and defective in 
HR-mediated gene conversion at sIgM locus. A) Schematic for the strategy used to generate 
BAP1 KO in DT40 cells. B) Southern blot confirming BAP1 targeted alleles. C) DT40 BAP1 
KO clones 1 and 2, isolated after Cre-mediated excision of BAP1. D) Clonogenic survival of 
BAP1 KO DT40 cells treated with IR or Olaparib. Statistical analysis was performed using 
Student’s t-test, **P < 0.01. E) BAP1 KO DT40 cells have increased chromosome breaks 
after DNA damage. Cells were treated with IR (2 Gy) and fixed after 3.5 hours. Three 
independent experiments were done and chromosome aberrations (isochromatid/	  chromatid	  gaps	  and	  breaks	  and	  radial	  figures)	  were scored in 100 cells for each experiment. Results 
are reported as total aberrations per cell. F) Left, schema representing the mechanism of sIgM 
reversion in DT40 cells by gene conversion. Right, sIgM- cells, isolated by flow cytometry, 
were expanded for 90 generations and the proportion of sIgM+ revertant cells of each sub-
population was determined. The experiment was done 2 times independently and the graph 
compiles the results of both experiments with medians indicated by horizontal lines. Statistical 
analysis was performed using Student’s t-test, **P < 0.01. 
 
Phosphorylation of BAP1 following IR treatment promotes DNA repair and cellular 
recovery from DNA damage. 
In global proteomics studies, BAP1 was reported to be phosphorylated on S592 
(ATM/ATR SQ motif) following IR treatment (414). We conducted a large-scale 
immunopurification of BAP1 post-IR from HeLa cells followed by mass spectrometry 
analysis. We identified another SQ phosphosite (S276) and novel IR-induced phosphorylation 
sites two of which are conserved between human and chicken (Fig. 4.4A. Fig. 4.S6A-C).  




Figure 4.4 : BAP1 is phosphorylated following DNA damage on multiple sites.                
A) Schematic representation of BAP1 showing its main domains and motifs: ubiquitin C-
terminal hydrolase (UCH), HCF-1 binding motif (HBM), C-Terminal Domain (CTD) and 
nuclear localization signal (NLS) along with the identified phosphorylation sites. B) ATM is 
required for phosphorylation of BAP1. HeLa cells expressing Flag-HA-BAP1 were incubated 
with ATM inhibitors and then treated with IR (7.5 Gy). Immunoprecipitated BAP1 was 
subjected to immunoblotting or PRO-Q stain. C) BAP1 complexes were purified at 3 hours 
post-IR and subjected to silver staining (left) and western blot analysis (right). D) Top, 
purified BAP1 complexes were incubated with or without the Ub-VME probe for 2 hours and 
analyzed by western blot. Bottom, in vitro deubiquitination assay of nucleosomal H2Aub 
using purified BAP1 complexes. Flag-HA-BAP1 complexes were isolated at different times 
post-IR and incubated with nucleosomes for 4 hours.  
 
Using an anti-pSQ(G) antibody, expected to recognize S592, we found that mutation of 
S592, indeed abolished the phosphorylation of BAP1 on this site (Fig. 4.S7A). Next, using this 
antibody, we found that inhibition of ATM with caffeine or KU-­‐55933	  resulted in decreased 
phosphorylation of BAP1 S592 (Fig. 4.4B). However, ATR inhibition only resulted in a slight 
decrease of the S592 phosphorylation signal, while ATR-mediated CHK1 phosphorylation 
was abrogated (Fig. 4.S7B). Using DNA-PK-deficient cells, we found that this kinase is not 
responsible for phosphorylation of BAP1 S592 following IR (Fig. 4.S7C). Of note, HCF-1 is 
not required for BAP1 phosphorylation by ATM since the S592 phosphorylation signal on 
BAP1 lacking HBM is not decreased following IR treatment (Fig. 4.S7D). CDKs are involved 
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in DSB repair (427, 428), and might in concert with ATM, phosphorylate BAP1 in order to 
coordinate its function. Using chemical inhibitors in conjunction with the anti-pSQ(G) 
antibody, we did not observe a requirement of CDKs for BAP1 phosphorylation by ATM (Fig. 
4.S7E). Using the PRO-Q phosphostain, we found that the global phosphorylation state of 
BAP1 did not significantly change following IR treatment or CDK inhibition (Fig. 4.S7E), 
likely due to the high level of constitutive phosphorylation of BAP1.  
Next, we found that the stable components of the BAP1 complexes are unaffected by 
IR treatment (Fig. 4.4C and Fig. 4.S6D). We then used an activity-directed ubiquitin probe 
that binds to the catalytic site of cysteine protease DUBs, and found that the probe labeled 
purified BAP1 from untreated and IR-treated cells with similar efficiency (Fig. 4.4D, top 
panel). Similar results were observed for endogenous BAP1 in HeLa or U2OS cells (Fig. 
4.S6E). Next, we evaluated BAP1 DUB activity toward H2A using purified nucleosomes 
incubated with BAP1 complexes isolated from untreated vs. IR-treated cells (Fig. 4.4D, 
bottom panel) and no significant difference was observed. Therefore, we sought to determine 
the importance of the IR-specific phosphosites of BAP1 for its DNA damage function in vivo. 
We generated a set of BAP1 phospho-mutants including the conserved residues S/T273/A and 
S276A, the SQ sites (S276A/S592A, SQ-MUT), and all IR-phosphorylated residues of BAP1 
(6 phosphosites converted to alanines, P-MUT). These mutants were used, along with the 
BAP1 ΔHBM, and the BAP1 catalytically dead (C91S), to stably reconstitute the BAP1-
deficient lung carcinoma cell line H226 (Fig. 4.5A). As previously shown (154), expression of 
BAP1 WT, but not the catalytic dead mutant, induced a delay in H226 cell proliferation (Fig. 
4.5B). BAP1-deficient in interaction with HCF-1 did not affect cell proliferation. Interestingly, 
the BAP1 P-MUT also failed to reduce cell proliferation. To further determine the sensitivity 
of these cells to IR, clonogenic survival assay was performed. To exclude any potential bias 
that can be introduced by the unequal cell proliferation of the BAP1 stable cell lines, survival 
rates were normalized to untreated cells. Thus, although H226 cells expressing BAP1 WT 
proliferate relatively slowly, they were more resistant to IR compared to H226 cells expressing 
the empty vector. The BAP1 C91S, BAP1 ΔHBM and BAP1 P-MUT were the most sensitive 
to IR (Fig. 4.5C). Based on the above, we concluded that phosphorylation of BAP1 on 
multiple sites as well as catalytic activity are required for promoting cell survival following 
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IR. Of note, no overt apoptosis is induced following IR treatment of H226 expressing the WT 
or mutant forms of BAP1 (Fig. 4.S8B). Next, we conducted ChIP analysis and found that 
while the recruitment of BAP1 SQ-MUT to the site of DSB was partially decreased, the 
recruitment BAP1 P-MUT, was totally abolished (Fig. 4.5D). Of note, similar to the WT 
BAP1, the P-MUT assembled protein complexes (Fig. 4.S7F, G) and efficiently 
deubiquitinated nucleosomal H2A in vitro (Fig. 4.S7H). To directly analyze DSB repair, we 
determined the levels of γH2AX in H226 stably expressing BAP1 WT or mutants following 
IR treatment (Fig. 4.5E). We found that the WT BAP1, but not the C91S or the P-MUT 
reduced both the constitutive and IR-induced accumulation γH2AX. BAP1, but not the C91S 
mutant, promoted a strong deubiquitination of H2A. Interestingly, while expression of BAP1 
P-MUT also significantly promoted deubiquitination of H2A, the remaining levels of H2Aub 
were consistently twice higher in cells expressing the BAP1 P-MUT than the cells expressing 
the WT form (Fig. 4.5E). 
 
 
Figure 4.5 : Phosphorylation of BAP1 following IR promotes cellular recovery from 
DNA damage A) Generation of H226 cells stably expressing BAP1 WT and mutants. B) 
Effects of BAP1 WT and mutant forms on H226 cells proliferation. The same number of cells 
was seeded and allowed for colony formation visualized by crystal violet staining. Experiment 
was done at least three times. C) H226 cell lines were treated with IR (20 Gy) and surviving 
colonies were quantified by crystal violet staining and normalized to the untreated controls. 
Experiment was done 3 times and data are presented as mean ± SD. Statistical analysis was 
performed using Student’s t-test, **P < 0.01. D) ChIP analysis of the recruitment of 
phosphorylation-deficient mutants of BAP1 at the proximity of DSB in MCF7 cells carrying 
an I-SceI site. Experiment was repeated 2 times independently and real-time PCR was 
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performed 3 times for each experiment. Data are presented as mean ± SEM. E) H226 BAP1-
deficient cells that express BAP1 WT or mutant forms were treated with IR (15 Gy) and 
harvested for western blotting. F) Model for the role of BAP1 in the DSB response. BAP1 is 
phosphorylated after DNA damage, thus promoting its recruitment to the DSB site for H2A 
deubiquitination allowing the recruitment of downstream DSB signaling and repair proteins 
 
4.6 DISCUSSION 
We report the identification of DUB candidates that might play important roles in the 
cellular response to DSBs. Notably, STAMBP and COPS5 appear to be interesting candidates. 
These DUBs are zinc-dependent metalloproteases of the JAMM/MPN+ family which have 
intrinsic specificity toward K63-linked ubiquitin chains (10). Since K63 chains are highly 
involved in the DSB response, it is possible that these DUBs regulate DSB repair. Notably, we 
also identify BAP1 as a novel regulator of HR. Consistently, BAP1 KO phenocopies BRCA1 
KO and RAD51 KO in DT40 cells, being both hypersensitive to DSB-inducing agents 
accompanied with high levels of chromosome breaks (429, 430). We emphasize that BAP1 
heterozygous clones also exhibit chromosomal defects and decreased HR-mediated sIgM 
reversion. This suggests that BAP1 dosage is critical, which may reflect the fact that all 
nuclear BAP1 is contained within multi-protein complexes (245). Indeed, BAP1 heterozygous 
mutations are found in human tumors (151). 
Several mechanisms, not necessarily mutually exclusive, might explain how BAP1 
regulates HR proteins. First BAP1 depletion decreases the assembly of constitutive BRCA1 
foci, which are associated with replication of heterochromatin (431). Thus, it is plausible that 
BAP1 depletion affects the expression of genes involved in BRCA1 recruitment on chromatin. 
It is also possible that the effects of BAP1 on the recruitment of HR proteins might be directly 
linked to its previously reported interaction with BRCA1/BARD1 (153, 361). Although our 
studies failed to reveal BRCA1/BARD1 as stable components of the BAP1 complexes (245), 
and BAP1 exerts BRCA1-independent effects on cell proliferation (25), it is possible that 
BRCA1 interaction with BAP1 is transient and associated with DNA damage-dependent and -
independent events. Thus, the implication of BAP1 in HR revealed herein provides impetus 
for future studies to determine the exact significance of the interaction between BAP1 and 
BRCA1/BARD1. 
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On the other hand, to facilitate DNA repair, transcription appears to be blocked at DSB 
by PRC1-mediated H2A ubiquitination (104). Accordingly, DUBs that remove H2Aub at 
DSBs are expected to inhibit HR. However, we observed the opposite effect, i.e., the H2A 
DUB BAP1 promotes HR. In fact, the BAP1 complex might act in concert with the PRC1 
complex to promote dynamic ubiquitination/deubiquitination of H2A thereby ensuring the 
proper dosage of this modification at the site of DSB. Based on our ChIP analysis for BAP1 
and H2Aub near the DSB site, it is possible that BAP1 deubiquitinates H2A in the proximity 
of the DSB site to increase chromatin accessibility at this specific region to allow, e.g., DNA 
resection during HR. Thus, BAP1 depletion causing an increase of H2Aub might interfere 
with specific chromatin and/or histone modifications events at DSBs, which might explain the 
observed defect in HR. Moreover, it is possible that more than one H2A DUB is involved in 
the signaling at DSBs. Some DUBs might assist in chromatin organization to promote DNA 
repair, whereas others could play a role in foci resolution. Consistent with this model, it was 
reported that another H2A DUB, USP16, regulates the level of this histone modification to 
control the derepression of transcription at DSB sites (106). 
In support of BAP1 function in the cellular response to DSBs, we showed that its 
phosphorylation is required for promoting survival after IR. Since BAP1 phosphorylation does 
not directly impact intrinsic BAP1 DUB activity, it is possible that it rather promotes BAP1 
interaction with other factors to	  facilitate the recruitment to DSBs where it regulates H2Aub 
levels. Indeed, the residual levels of H2Aub are consistently higher in H226 cells expressing 
the BAP1 P-MUT than the WT form, probably reflecting an inability of the mutant to 
deubiquitinate the small pool of H2Aub associated with DSBs. We also note that several sites 
of BAP1 are phosphorylated following IR treatment, including SQ and non-SQ sites indicating 
that BAP1 is phosphorylated by multiple DNA damage-responsive kinases. Thus, BAP1 
involvement in the DNA damage response might be more complex than anticipated. Indeed, 
the use of BAP1 P-MUT to reconstitute BAP1-deficient H226 cells indicated that the decrease 
of cell proliferation following re-introduction of WT BAP1 depends on its phosphorylation, 
even in the absence of exogenously inflicted DNA damage. The effect of BAP1 
phosphorylation on cell proliferation likely reflects a role of this DUB in DNA damage-
induced checkpoint responses. In fact, normally growing H226 cells have elevated levels of 
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γH2AX and a severe genomic instability (Fig. 4.S8C,D), indicative of high rates of 
spontaneous DNA damage in these BAP1-deficient cells. These cancer cells must necessarily 
harbor defects in DNA damage checkpoints that allow them to proliferate under such genomic 
instability. Therefore, the expression of BAP1 WT in H226 cells might re-activate certain 
DNA damage checkpoints thus causing decreased cell proliferation.  
In summary, we provide strong evidence indicating that BAP1 is a DNA damage 
signaling and repair enzyme (Fig. 4.5F). Loss of BAP1 is expected to decrease HR, an error 
free repair mechanism. Under such conditions, cells might become much more reliant on 
NHEJ, an error-prone repair mechanism, resulting in the net accumulation of mutations and 
chromosomal aberrations that cause genomic instability. Moreover, as a consequence of BAP1 
inactivation, defects in checkpoint(s) signaling could promote the survival of cells harboring 
damaged DNA, thus driving neoplastic transformation. 
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4.7 MATERIALS AND METHODS 
 
RNAi, gene targeting and phenotypic analysis. 
Cells were transfected with siRNA or shRNA targeting DUBs or non-target control 
and harvested as indicated. The DT40 Cre-1 cell line was used to generate the BAP1 KO. 
Clonogenic survival assay, cytogenetic analysis, sIgM gene conversion assay, preparation of 
cell extracts and chromatin fraction for western blotting were done as described in the SI text. 
 
Immunofluorescence and flow cytometry analysis. 
Cells were immunostained as previously described (432). Flow cytometry 
determination of DNA content, BAP1, phospho histone H3 serine 10, and BrdU incorporation 
were conducted using LSRII flow cytometer and data were processed with FlowJo V887 
software.  
 
Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB). 
Induction of a single DSB following I-SceI expression, ChIP experiments and real-
time PCR were done as described in the SI text. 
 
Purification of BAP1 complexes and identification of phosphorylation sites. 
HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector were treated with 
IR and used for immunopurification and Mass spectrometry. Additional details are provided in 
the SI text. 
 
Deubiquitination assays. 
Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe labeling and In vitro H2Aub 
deubiquitination assay were done as described in the SI text.  
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4.9	  SUPPLEMENTAL	  MATERIALS	  AND	  METHODS 
 
Cell culture, plasmids, antibodies and chemicals 
Primary human lung fibroblasts LF1, BAP1-deficient human lung squamous 
carcinoma NCI-H226, cervical cancer HeLa, osteosarcoma U2OS, breast cancer MCF7 
carrying an I-SceI cassette and HEK293T cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and 
penicillin/streptomycin (Pen/Strep) in 5% CO2 at 37oC. Chicken bursa lymphoma DT40 Cre-1 
(424) were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 
10% FBS, 1% chicken serum, 100 µM β-mercaptoethanol and Pen/Strep in 5% CO2 at 40 oC. 
Cervical cancer HeLa S3 cells used for complex purification were cultured in Minimum 
Essential Media (MEM) supplemented with 5% FBS/ Pen/Strep in 5% CO2 at 37 oC.  
Cloning of human BAP1 WT and C91S were described (245). BAP1 mutant in 
phosphorylation sites (P-MUT: T273A, S276A, S571A, S583A, S592A and S597A) was 
generated using gene synthesis (BioBasic). Other mutants of BAP1 were generated by site 
directed mutagenesis. BAP1 (WT and mutants) were then subcloned into pENTR D-Topo 
plasmid (Life Technologies) and recombined into pMSCV-Flag/HA-IRES-Puro. The targeted 
sequences of shBAP1 #1 and #2 are GGCTGAGATTGCAAACTATGAG and 
GGTTTCAGCCCTGAGAGCAAAG respectively (245). pCDNA.3 Flag-H2A plasmid was 
described (433).  
Monoclonal anti-BAP1 (C4), polyclonal anti-BAP1 (H300), monoclonal anti-BRCA1 
(D9), polyclonal anti-RAD51 (D92), polyclonal anti-53BP1 (H300), polyclonal anti-YY1 
(H414), monoclonal anti-p53 (DO.1), polyclonal anti-OGT (H300) antibodies were purchased 
from Santa Cruz. Polyclonal anti-ubiquityl-histone H2A lysine 119 (#8240), polyclonal anti-
phospho histone H3 serine 10 (#3377), Anti-pSQ (#6966), pCHK1 S345 (#2348) and normal 
rabbit IgG (2729) are from Cell Signaling.  Monoclonal anti-phospho-H2A.X serine 139 (05-
636) and monoclonal anti-β-actin (C4) antibodies were purchased from Millipore. Polyclonal 
anti-HCF-1 (A301-400A) and polyclonal anti-ASXL2 (A302-037A) were purchased from 
Bethyl laboratories. Monoclonal anti-p21 (556431) was purchased from BD Pharmingen. 
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Monoclonal anti-Flag (M2) was purchased from Sigma and monoclonal anti-HA (HA11) was 
purchased from Covance. Polyclonal anti-phospho DNA-PK S2056 (ab18192) is from Abcam. 
Mouse polyclonal anti-FOXK1 antibody was kindly provided by Dr. Xiao-Hua Li 
(Southwestern University of Texas). Fluorophore-coupled secondary antibodies anti-
mouse/anti-rabbit Alexa Fluor 488 and Alexa Fluor 596 were purchased from Life 
Technologies. The PI3-Kinase inhibitor caffeine (434), was purchased from Sigma-Aldrich. 
The ATM inhibitor KU-55933 (435), was purchased from Selleck Chemicals. The ATR 
inhibitor VE-821 (436), was purchased from Selleck Chemicals. The CDK1 inhibitor RO-
3306 (428), was purchased from Calbiochem. The CDK1, CDK2 and CDK5 inhibitor 
Roscovitine (437), was purchased from Cell Signaling. The CDK2 inhibitor Purvalanol A 
(438) and GW8510 (439), were purchased from Abcam and Sigma-Aldrich respectively. The 
CDK2, CDK1 and and CDK4 inhibitor SU9516 (440), was purchased from Tocris Bioscience 
 
siDUB screen 
U2OS cells were transfected with individual siRNA pool (consisting of 4 pooled 
siRNA oligonucleotides) targeting DUBs (ON-TARGETplus® SMARTpool® siRNA Library 
- Human Deubiquitinating Enzymes) or the non-target control from Dharmacon (G-104705, 
Lot 10138) using Lipofectamine 2000 (Life Technologies). Three days post-transfection, cells 
were exposed to 5 Gy of ionizing radiation (IR) and collected 24 hours later for 
immunostaining.  Approximately 100 cells were counted for each condition and cells with 
more than 10 DNA damage foci were considered as positives.   
 
RNAi and immunoblotting 
For siRNA experiments, we used ON-TARGETplus® SMARTpool® siRNA against 
human BAP1 and non-target control (Dharmacon, Thermo Scientific). Transfections of siRNA 
or shRNA constructs were done using Lipofectamine 2000 (Life Technologies).  
Total cell extracts were prepared in lysis buffer (25 mM Tris-HCl, 1% SDS) and 
protein concentration was determined by bicinchoninic acid (BCA) assay. SDS-PAGE and 
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western blotting were conducted according to standard procedures. The band signals were 
acquired using the LAS-3000 LCD camera coupled to the MultiGauge software (Fuji, 
Standford, CT) 
 
BAP1 gene targeting 
 The DT40 Cre-1 cell line harboring the fusion protein of Cre and the hormone-binding 
domain of the mutated estrogen receptor (Mer) (424) was used to generate the BAP1 
conditional KO. Gene targeting and southern blotting were done essentially as previously 
described (441). The targeting constructs were assembled in pBluescript II. The first BAP1 
allele was targeted with a puromycin resistance cassette. The second allele was replaced by an 
insert flanked with two loxP sites that contained the human BAP1 gene under the chicken 
beta-actin promoter and a blasticidin S resistance cassette. Antibiotic resistance cassettes were 
previously described (424). Positive clones were screened by southern blot on BglII digested 
genomic DNA with probes generated by PCR with the following primers: 
TCCCGCTCAACTGAAGTTCT and CCACAAATGCTCTGAGTGGA. To excise the human 
BAP1 gene from the conditional BAP1 KO cells, cells were treated with 50 nM of 4-
hydroxytamoxifen for 4 days. Cells were then sub-cloned to isolate BAP1 constitutive KO 
clones. 
 
Clonogenic survival assay 
DT40 cells were seeded on plates containing DMEM with 1.5% methylcellulose, 10% 
FBS, 1% chicken serum, 100 µM β-mercaptoethanol and Pen/Strep. For the IR treatment, the 
cells were exposed to a cesium-137 source (Gamma Cell; Atomic Energy Canada) at the 
indicated doses prior seeding. For the Olaparib treatment, cells were seeded in the 
methylcellulose media containing the indicated concentrations of Olaparib (Selleck chemical). 
Cells were incubated at 40 oC for 20-30 days to allow colony formation. 
H226 stable cell lines expressing Flag-HA-BAP1 WT, C91S or P-MUT were treated 
with indicated doses of IR and incubated for 5-7 days. The surviving colonies were washed 
with phosphate-buffered saline (PBS) and fixed with 3 % paraformaldehyde for 20 minutes. 
	   115	  
Cells were then stained with 0.2 % crystal violet for 10 minutes followed by several washes 
with PBS. Retained staining was then extracted with 10 % acetic acid and the optical density 
(OD) of the extracted dye was determined by spectrophotometry at 540 nm. The population 
survival rate is determined by the average ratio between the OD of the treated sample and the 
untreated control sample. 
 
Chromosome aberrations analysis 
DT40 cells were treated with 2 Gy of IR and fixed after 3.5 hours. To enrich cells in 
metaphase, cells were treated with 100 ng/mL of colcemid for 2 hours prior fixation, 
metaphase spreading and Giemsa staining. Analysis was performed on 100 metaphases of 
each population. Chromosome abnormalities (isochromatid/ chromatid gaps and breaks and 
radial figures) were scored.  
 
sIgM phenotype conversion assay 
After 20 min incubation with anti-chicken IgM-FITC (Bethyl #A30-102F, 1:800) in 
phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA), DT40 cells 
were sorted by flow cytometry to obtain homogeneous sIgM negative (sIgM-) populations. 
Multiple cell populations were cultured in 24-well plates (100 000 cells per well) for 90 
doubling times (splitting 1:2 every 1 or 2 days). Their sIgM phenotype is determined by flow 
cytometry with the same staining procedure used for cell sorting.  
 	  
Immunofluorescence 
Cells were immunostained as previously described (245). The nuclei were stained with 
4',6-diamidino-2-phenylindole (DAPI). Images were acquired using the Zeiss Axio Imager Z.2 
microscope, Zeiss Acroplan/N-Acroplan 40X/0.65 -0.17 objective and AxioCAM MRm 
camera. 
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Flow cytometry analysis 
DNA content of cells was analyzed essentially as described (390). Briefly, cells were 
harvested by trypsinization and fixed with 70 % ethanol. After PBS wash, cells were treated 
with 100 µg/ml RNase A for 30 min at 37 °C and stained with 50 µg/ml propidium iodide. 
DT40 cells intracellular staining for anti-BAP1 (monoclonal) and anti-phospho histone 
H3 serine 10 was done as follows. Around 1X106 cells were fixed with 70 % of ethanol, 
blocked with 1 % BSA in PBS and incubated with the indicated primary antibody for 1.5 
hours followed by incubation with Alexa Fluor 488-coupled secondary antibody for 1 hour. 
Between the antibodies incubation, cells were washed with PBS and PBS containing 1 % 
BSA. DNA was co-stained as described above. 
BrdU incorporation in DT40 cells was determined using 1X106 fixed cells following 
incubation with 20 µM of BrdU for 30 min. DNA of the fixed cells was denatured using HCl 
4N/ Triton 0.5 % for 30 min and neutralized by 100 mM Borax pH 8.5. Cells were then 
blocked with 1 % BSA in PBS followed by incubation with anti-BrdU antibody coupled to 
Alexa 488 (clone MoBU-1, 1:200, Life Technologies) for 1 hour. DNA was co-stained as 
described above. 
Cells were analyzed using a LSRII flow cytometer (Becton Dickinson) and data were 
processed with FlowJo V887 software (Tree Star, Inc.).  
 
Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB) 
Induction of a single DSB following I-SceI expression, ChIP experiments and real-
time PCR were done essentially as previously described (442). Polyclonal anti-BAP1 (H300), 
polyclonal anti-ubiquitinated histone H2A lysine 119 (DC27C4) and normal rabbit IgG (2729) 
were used for ChIP experiments. Primers for ChIP experiments were described earlier (443). 
ChIP on ectopically expressed Flag-HA-BAP1 or mutants was conducted using anti-Flag 
antibody. First BAP1 constructs were transfected using X-tremeGENE 9 (Roche, 
#06365779001), then electroporated 24 hours later with the pCAG-ISCEI plasmid before 
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harvesting. Values were calculated as percentage of the input relative to the IgG control, 
which is set to 1.   
 
Chromatin fractionation 
 Chromatin fraction was obtained as previously described (444). Briefly, HeLa cells 
were treated with 15 Gy of IR and fractionated with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 
0.5% Triton, 5 mM EDTA, 50 mM NaF, 10 mM beta-glycerophosphate, 1 mM Na3VO4, 
10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and anti-protease 
cocktail (Sigma). The pellet fraction (the chromatin) was washed several times with the 
fractionation buffer before sonication. Proteins were quantified and used for western blotting. 
 
Purification of BAP1-associated proteins following DNA damage and identification of 
phosphorylation sites 
Around 3 X 109 HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector 
(245) were treated with 10 Gy of IR. Total extracts were prepared 3 hours post-treatment by 
lysing cells with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 0.5% NP-40, 50 mM NaF, 10 mM 
beta-glycerophosphate, 1 mM Na3VO4, 10 mM 2-mercaptoethanol, 1 mM PMSF and anti-
protease cocktail (Sigma). Lysates were clarified by centrifugation at 20 000g for 30 min and 
filtration through 0.45 µM filter. Tandem purification (Flag-HA) was done essentially as 
previously described (384). Mass spectrometry analysis was provided by the Taplin facility at 
Harvard Medical School (Boston). PRO-Q Diamond phosphoprotein gel stain was purchased 
from Life Technologies. The polyacrylamide gel was fixed and stained according to the 
manufacturer’s protocol.   
 
Ub-VME hybridization assay 
Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe purification and hybridization assay 
was done as previously described (445). Purified BAP1 complexes or total cell extract were 
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incubated with Ub-VME for 2 hours at room temperature. Reactions were stopped by adding 
Laemmli buffer and analysed by western blotting.  
 
In vitro ubH2A deubiquitination assay 
Native nucleosomes were isolated from HEK293T cells transfected with pCDNA.3 
Flag-H2A. As previously described with some modifications, soluble chromatin fraction was 
obtained by nucleosomes digestion with micrococcal nuclease (MNase, Sigma) (391). Cells 
were lysed in 420 buffer (50 mM Tris-HCl pH 7.3, 420 mM NaCl, 1% NP-40, 1 mM PMSF, 
protease inhibitor cocktail (Sigma), and 20 mM of N-ethylmaleimide (NEM) to block any 
DUB activity associated with chromatin. After centrifugation, the chromatin pellet was 
washed twice with the same buffer followed by two washes using MNase buffer (20 mM Tris-
HCl pH 7.3, 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% NP-40, 1 mM 
PMSF and protease inhibitor cocktail). Chromatin was then treated with 3 U/ml MNase for 10 
min at room temperature and the reaction was stopped with 5 mM EDTA. Following high-
speed centrifugation, the soluble chromatin fraction was incubated overnight at 4 °C with Flag 
M2 agarose beads (Sigma). Beads were then washed several times with EB 300 buffer (50 
mM Tris-HCl pH 7.3; 5 mM EDTA; 300 mM NaCl; 10 mM NaF; 1% NP-40; 1 mM PMSF; 1 
mM dithiothreitol (DTT); protease inhibitors cocktail (Sigma)) containing 20 mM NEM, 
followed by several washes with EB 300 buffer without NEM. Beads bound nucleosomes 
were then eluted with Flag peptides (0.2 µg/ml). The isolated nucleosomes were used for the 
in vitro deubiquitination assay with Flag-HA BAP1 complexes purified at different times post-
IR treatment (5 Gy). The DUB reaction was carried in (50 mM Tris-HCl, pH 7.3; 1mM 
MgCl2; 50 mM NaCl; 1 mM DTT) for 4 hours at 37°C, stopped by adding 2X Laemmli buffer 
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4.10 SUPPLEMENTAL FIGURES AND TABLES 
 
Table IV.SI: List of DUBs associated with decreased or increased IRIF formation 
BRCA1 foci RAD51 foci 
DUB namea % cells with focia DUB name
a % cells with 
focia 
Control 63 Control 51 
BAP1 35 BAP1 32 
COPS5 41 COPS5 35 
CXORF53 (BRCC36) 38 DUB3 38 
CYLD 50 OTUB1 33 
DUB3 33 OTUD5 30 
OTUD5 50 OTUD6B 38 
OTUD7 48 PSMD14 31 
PSMD14 41 STAMBP 25 
SENP2 34 STAMBPL1 23 
STAMBP 51 UBL4 36 
STAMBPL1 32 USP24 41 
UBL5 40 USP4 33 
UCHL1 51 USP40 40 
UEVLD 42 USP43 30 
USP15 53   
USP3 47   
USP31 33   
USP6 49   
C13ORF22 50   
DUB nameb % cells with focib DUB name
b % cells with 
focib 
Control 63 Control 51 
UBR1 75 UCHL1 62 
UBTD1 73 USP53 61 
USP38 75 ZRANB1 64 
ZRANB1 78   
Only DUBs associated with a decreasea (BRCA1 foci ≤ 53%, RAD51 foci ≤ 41%) or increaseb (BRCA1 
foci ≥ 73%, RAD51 foci ≥ 61%) of at least 10% of cells with foci compared to the control are 
considered.  The 10% cut-off was chosen to maximize chances of hit identification, taking in account 
that transfection efficiency was not determined due to lack of specific antibodies for all DUBs. Cells 
with more than 10 foci of the indicated protein were counted. 
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Figure 4.S1: A) BAP1 depletion using shRNA constructs impairs IRIF formation. U2OS cells 
were transfected with two different shRNA constructs against BAP1 (shBAP1 #1 and shBAP1 
#2) and treated with IR (7.5 Gy). 16 hours post-treatment, cells were fixed for immunostaining 
of the indicated proteins. Representative images of the experiment are shown. White dashed 
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lines encircle the BAP1-depleted cells. B) BAP1 promotes homologous recombination foci 
(BRCA1 and RAD51) formation after DNA damage. Original images of Figure 4.2A are 
shown. Human fibroblast LF1 cells transfected with control or BAP1 siRNA constructs were 
combined (1:1) and treated with IR (7.5 Gy). Cells were fixed at different time points post-IR 
(0h, 6h, 12h and 24h) and subjected to immunostaining of the indicated proteins. BAP1-
depleted cells were identified by decreased BAP1 signal and are encircled by white dashed 
lines. Note that BAP1 RNAi-treated cells were mixed with the control RNAi-treated cells in 
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Figure 4.S2: Depletion of BAP1 does not cause major defects in cell cycle nor 
stabilization of p53. 
A) Depletion of BAP1 does not cause major defects in cell cycle. Human fibroblast LF1 cells 
were BAP1-depleted by siRNA and subjected for western blotting of the indicated proteins 
(left panel) and cell cycle profile analysis by flow cytometry using propidium iodide (right 
panel). Percentage of cell population at each cell cycle phase is shown. 
B) Depletion of BAP1 does not induce stabilization of p53. LF1 cells were BAP1-depleted 
using siRNA and treated with IR (7.5 Gy). Cells were collected at different time points 
following IR treatment and proteins were analyzed by western blot for the indicated proteins. 
C) BAP1-depleted cells have increased H2A ubiquitination. LF1 cells were treated with 
siControl (siNT) or siBAP1 and combined (1:1) before fixation and immunostaining of the 
indicated proteins. Representative images of the stainings are shown. BAP1-depleted cells 
were identified by decreased BAP1 signal and are encircled by white dashed lines. 
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Figure 4.S3: A) BAP1 is highly conserved between human and chicken. Alignment of Gallus 
gallus (NP_001025761.1) and Homo sapiens ( NP_004647.1) BAP1 with ClustalW2 and 
visualized with Geneious software R6.1.4. Identical amino acids (a.a.) are highlighted in 
green, similar a.a. are highlighted in yellow and not similar a.a. are in gray. B) Human BAP1 
inserted in chicken bap1 locus can be excised by Cre induction. Excision following 3 days of 
Cre induction was analyzed by flow cytometry using an anti-human BAP1 antibody. 
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Figure 4.S4: BAP1 KO cells proliferate at slower rates but do not show major defect in 
G1 progression. 
A) BAP1 KO cells proliferate at slower rates. Cells were seeded at the same number at day 0 
and counted at days 1, 3 and 5. The experiment was repeated 3 times. Data are presented as 
mean ± SD. Statistical analysis was performed using Student’s t-test, *P < 0.05. B) BAP1 KO 
cells did not shown any major defect in G1 phase progression. BAP1 KO DT40 cells were 
incubated with 200 ng/ml of nocodazole to arrest the cells in M phase. Different times after 
the addition of the drug, cells were fixed and subjected to cell cycle profile analysis by flow 
cytometry using propidium iodide. C) BAP1 KO cells have a slightly decreased S phase 
population as revealed by BrdU incorporation. Cells were incubated with BrdU for 30 min 
prior fixation and co-stained with anti-BrdU antibody and propidium iodide. Cell cycle profile 
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and BrdU uptake were analyzed by flow cytometry. The experiment was repeated 3 times. 
Data are presented as mean of BrdU positive cells ± SD. Statistical analysis was performed 
using Student’s t-test, *P < 0.05. Representative results of the experiment are shown on the 
right. D) BAP1 KO cells have similar number of mitotic cells than BAP1 WT cells. 
Asynchronous cells were fixed and co-stained with anti-phosphorylated H3S10 antibody and 
propidium iodide. Mitotic population was analyzed by flow cytometry. The experiment was 
performed 3 times. Data are presented as mean of phosphorylated H3S10 positive cells ± SD. 
Representative results of the experiment are shown on the right. 
 
 
Figure 4.S5: BAP1 KO DT40 cells have increased chromosome breaks following DNA 
damage. BAP1 KO DT40 cells were treated with 2 Gy of IR and fixed after 3.5 hours. 
Colcemid was added to the cells for 2 hours prior fixation to enrich mitotic cells. A) 
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Representative images of metaphase spreads of each population are shown. Red arrows 
indicate chromosomal aberrations. B) At least two independent experiments were done and 
chromosome aberrations of 100 cells were counted in each experiment. Cumulative results of 
all experiments are shown in Figure 4.3E. 
 
Figure 4.S6: Phosphorylation of BAP1 following IR treatment.  A) G2/M checkpoint was 
induced by IR treatment in the HeLa S3 cells used for BAP1 complexes purification. Cells 
were treated with IR (10 Gy) and fixed 24h post-treatment for cell cycle profile analysis by 
flow cytometry using propidium iodide. This assay was conducted to control for the efficiency 
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of the IR treatment in our large scale complexes purification. B) BAP1 is phosphorylated on 
specific residues following IR. BAP1 phosphorylated peptide sequences identified by mass 
spectrometry are shown. Phospho-residues are colored in red and their position in BAP1 
sequence are indicated. C) Two BAP1 IR-specific phospho-sites are conserved. Alignment of 
BAP1 amino acid sequence from different species using Geneious software R6.1.4. Accession 
numbers are shown. BAP1 IR-specific phospho-residues are squared in red. D) IR treatment 
does not affect the assembly of major components of the BAP1 complexes. Quantification of 
protein peptides by MS/MS revealed that the composition of the BAP1 core complex does not 
change following IR. E) BAP1 DUB activity is not affected by IR. DUB activity was revealed 
by Ubiquitin-VME (Ub-VME) probe labeling assay.  IR-treated HeLa and U2OS total cell 
extracts were incubated with Ub-VME probe for 2 hours and analyzed by western blot using 
BAP1 antibody. The shifted-up BAP1 bands are indicative of probe labeling. 
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Figure 4.S7: Characterization of BAP1 phosphorylation following DNA damage.            
A) Mutation of BAP1 phosphorylation sites. U2OS cells stably expressing Flag-HA-BAP1 
mutants were treated with IR (7.5 Gy) for 3 hours and used for immunoprecipitation using 
anti-Flag beads.  The samples were subjected to western blotting using an anti-pSQ.  YY1 was 
used as a loading control. Note that mutation of the S276 site (also an SQ motif) does not 
decrease the signal detected with this anti-pSQ (compare the pSQ signal versus BAP1 signal 
in the immunoprecipitation). This antibody recognizes pS/TQ(G) found at the position 592 of 
BAP1. B) The role of ATR in the phosphorylation of BAP1. HeLa cells stably expressing 
Flag-HA-BAP1 were pretreated with the ATR inhibitor VE-821 for 1 hour and then with IR 
(7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag beads. C) DNA-PK is 
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not required for the phosphorylation of BAP1. Immunoprecipitation of BAP1 from DNA-PK-
deficient and proficient cells, MO59J and MO59K, respectively before and after IR (7.5 Gy) 
treatment.  D) HCF-1 is not required for phosphorylation of BAP1. U2OS cells stably 
expressing Flag-HA-BAP1 WT, ∆HBM or SQ-MUT were treated with IR (7.5 Gy) for 3 hours 
and used for immunoprecipitation of BAP1 using anti-Flag beads. E) The inhibition of CDKs 
does not affect BAP1 phosphorylation. HeLa cells stably expressing the empty vector or Flag-
HA-BAP1 WT were pretreated with the indicated CDK inhibitors for 1 hour and then with IR 
(7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag beads. The 
immunoprecipitated BAP1 samples were immunoblotted against anti-pSQ or stained with 
PRO-Q. F) Characterization of BAP1 P-MUT following IR treatment. HeLa cells stably 
expressing the empty vector, Flag-HA-BAP1 WT or P-MUT were treated with IR (7.5 Gy). 
Following immunoprecipitation using anti-Flag beads, the samples were subjected to 
immunoblotting using anti-SQ or stained with PRO-Q. G) The BAP1 P-MUT does not lose 
interaction with the major partners of BAP1. HeLa S3 cells stably expressing the empty 
vector, Flag-HA-BAP1 WT or P-MUT were subjected for immuno-purification using anti-
Flag and anti-HA beads followed by silver staining. The major components of the BAP1 
complexes were detected by western blot. H) BAP1 P-MUT exhibits H2A DUB activity in 
vitro. Flag-HA-BAP1 WT or P-MUT complexes were incubated with purified nucleosomes 
for the indicated time points.  H2A deubiquitination was analysed by western blotting. 
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Figure 4.S8: H226 BAP1-deficient cells reconstituted with BAP1 WT, catalytic inactive 
(C91S) or phospho-mutant (P-MUT). A) H226 cells stably expressing different Flag-HA-
BAP1 mutants were fixed and stained with anti-HA antibody and DAPI. B) Cells were treated 
with IR (15 Gy) for the indicated time points and harvested for the analysis of apoptosis. The 
samples were fixed with ethanol, stained with propidium iodide and analyzed by flow 
cytometry for the sub G1 population. C-D) H226 BAP1-deficient cells harbor intrinsic DNA 
damage foci and exhibit genomic instability.  C) H226 cells were immunostained for γH2AX 
and DNA was stained with DAPI. H226 cells showed constitutive γH2AX foci. D) 
Chromosome instability in H226 cells was visualized by DAPI-stained DNA. Presence of 
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5. DISCUSSION 
Jusqu’à ce jour des mutations homozygotes du gène bap1 ont été reportées dans 
plusieurs types de cancers incluant le cancer du sein, du poumon et du rein. Plus récemment, 
des études génétiques ont, par ailleurs, mis en évidence une augmentation de risque de 
développement de mélanomes de la peau et de l’uvée chez les familles porteuses des 
mutations de bap1 (148). Quoique plusieurs études reconnaissent que le suppresseur de 
tumeur BAP1 exerce un rôle important dans le développement du cancer, le rôle biologique de 
cette DUB restait inconnue.  Ainsi, une caractérisation fonctionnelle de BAP1 augmentera 
notre compréhension sur les mécanismes qui gouvernent le système d’Ub et nous permettra 
d’élaborer de nouvelles thérapies anti-cancer. Les objectifs de nos travaux qui sont présentés 
dans cette thèse étaient donc de déterminer le rôle biologique et mécanisme d’action de BAP1, 
ainsi que de définir sa fonction suppressive de tumeurs. 
 
5.1 BAP1 FORME UN NOUVEAU COMPLEXE TRANSCRIPTIONNEL. 
Afin d’avoir des indices sur la fonction d’une protéine qui était jusqu’alors inconnue, 
nous avons décidé de purifier les complexes protéiques de BAP1. Cette méthode est robuste et 
permet de déterminer les interactions protéine-protéine stables au niveau des complexes. De ce 
faisant, nous avons trouvé que BAP1 est associé à une multitude de facteurs et co-facteurs de 
transcription. Par la suite, nous avons confirmé son rôle transcriptionnel par des essais de 
transcription faisant appel à un gène rapporteur, une étude d’expression globale génique par 
des expériences de puces à ADN et des expériences d’immunoprécipitation de la chromatine. 
Une caractérisation détaillée de différentes interactions entre les protéines du complexe BAP1 
a été effectuée.  De manière intéressante, BAP1 est entièrement complexé avec le co-facteur 
de la transcription HCF-1, connu pour son rôle dans la régulation des gènes du cycle 
cellulaire. Effectivement, nous avons démontré que la déplétion de BAP1 affecte l’expression 
des gènes du cycle cellulaire. De plus, son implication dans la régulation de la progression du 
cycle cellulaire a notamment été démontré par d’autres groupes (154, 247, 361).  
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Parmi les protéines qui sont associées à BAP1, plusieurs sont des protéines du groupe 
des Polycomb (PcG). Cette famille est notoirement connue pour ses rôles dans le contrôle de 
la différenciation et le développement cellulaire en réprimant l’expression des gènes hox. 
Nous avons identifié les protéines PcG ASXL1, ASXL2, YY1 et OGT, suggèrant donc un rôle 
polycomb de BAP1. De plus, l’orthologue de bap1 chez la drosophile, calypso, est un gène 
PcG (155). En effet, Scheuermann et al. ont démontré que Calypso, via son interaction avec 
ASX (l’homologue chez la drosophile de ASXL1 et ASXL2), forment le complexe PR-DUB 
qui déubiquitine H2Aub et réprime les gènes hox. Bien que le rôle de BAP1 dans la 
déubiquitination de H2A soit conservée de la drosophile jusqu’à l’humain (tel que montré par 
nous et autres groupes (150, 155)), son rôle dans la répression des gènes hox est encore peu 
clair. En effet, les cellules murines BAP1 KO ne semblent pas présentées de dérégulation des 
gènes hox (151). D’autre part, Bott et al. ont démontré que la déplétion de BAP1 dans les 
cellules de mésothéliome pleurale maligne (MPM) affecte l’expression des gènes du cycle 
cellulaire et les gènes PcG (446).  Ainsi, il est possible qu’il ait une divergence de la fonction 
épigénétique de BAP1 durant l’évolution. En effet, la séquence protéique de Calypso ne 
contient pas la région centrale de BAP1 humain, notamment la région d’interaction avec son 
partenaire majeur HCF-1. Donc, il est possible qu’initialement, BAP1 n’était dédié qu’à 
réguler l’expression d’un sous-ensemble de gènes. Mais durant l’évolution, BAP1 aurait 
acquis des motifs supplémentaires d’interaction protéine-protéine et a été amené à réguler 
l’expression d’autres gènes. Ainsi, BAP1 formerait un complexe de base qui, selon 
l’interaction différentielle avec les facteurs et co-facteurs de transcription, ce dernier pourrait 
être recruté à différents moments sur différents promoteurs afin de réguler leur niveau de 
H2Aub et leur activation. Tel est le cas de la ligase E3 de H2A, RING1B, qui peut être 
associée à différents complexes pour réguler divers ensembles de gènes (voir la section 2.4.2). 
 Même si la régulation des gènes hox par BAP1 humain reste à être confirmé, BAP1 est 
néanmoins complexé à plusieurs protéines PcG. Durant notre investigation, d’autres groupes 
ont également identifié l’interaction de BAP1 avec les co-facteurs de la transcription ASXL1 
et ASXL2 (41, 151, 246). Tel que mentionné, ASXL1 et ASXL2 sont des homologues de 
ASX de la drosophile. De manière intéressante, la mutation de ASX cause des transformations 
homéotiques antérieures et postérieures, suggérant qu’ASX est requis pour l’activation et la 
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répression des gènes homéotiques (447, 448). Chez l’humain, cette double activité de ASX 
semble être divisée entre les deux protéines homologues ASXL1 et ASXL2. En effet, il a été 
démontré que ASXL1 et ASXL2 agissent en tant que répresseur et activateur de la 
transcription respectivement, durant l’adipogénèse et la lipogénèse hépatique (449, 450). Étant 
donné que BAP1 interagit avec ASXL1 et ASXL2, est-ce possible que le complexe BAP1 
puisse à la fois activer et réprimer la transcription génique? Plusieurs données appuient cette 
hypothèse. D’abord, nous avons trouvé que BAP1 interagit avec YY1, un facteur de 
transcription qui possède une dualité fonctionnelle en recrutant des coactivateurs ou des 
corépresseurs à des promoteurs spécifiques pour activer ou réprimer la transcription (383). 
Ensuite, nos résultats de puces à ADN ont montré que la déplétion de BAP1 cause une 
augmentation ou une diminution de l’expression de plusieurs gènes. Par un essai de 
transcription faisant appel à un gène rapporteur, nous avons montré que BAP1 active la 
transcription. Toutefois, la répression génique par Calypso a également été reportée (155). Il 
sera donc intéressant d’investiguer davantage sur le rôle de l’interaction de BAP1 avec 
ASXL1 et ASXL2.  
Durant notre caractérisation du complexe BAP1, nous avons étudié plus en détails la 
fonction de l’interaction entre HCF-1 et OGT (voir Annexe 1). Notre groupe a découvert un 
mécanisme unique de régulation du clivage de HCF-1 par la glycosylation. En effet, HCF-1 
est synthétisé en tant qu’un précurseur qui doit être clivé pour sa maturation (451, 452). 
Toutefois, le mécanisme de ce clivage était inconnu. C’est alors, que nous avons trouvé que 
OGT interagit, glycosyle et médie le clivage de HCF-1. Au sein du complexe BAP1, d’autres 
mécanismes de régulation inter-protéique ont également été documentés, telle que la 
déubiquitination de HCF-1 et de OGT par BAP1 (151, 246, 247). Toutefois, l’importance de 
ces derniers évènements est encore peu claire. 
Concernant la régulation de BAP1, nous avons identifié, par spectrométrie de masse, 
plusieurs sites de phosphorylation de BAP1 en condition basale (voir Figure 4.S6B). En effet, 
des expériences de déphosphorylation in vitro de BAP1 ont démontré que celui-ci est 
phosphorylé constitutivement (résultats non montrés). Ainsi, ce sera intéressant de comprendre 
l’importance de ces phosphorylations dans la régulation fonctionnelle de BAP1. Par ailleurs, il 
est intéressant de mentionner que BAP1 est hyperphosphorylé durant la mitose (résultat non 
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montré). Est-ce possible que cette DUB de H2Aub ait un rôle durant la mitose pour enlever 
cette marque épigénétique? D’autres expériences seront nécessaires afin de comprendre toute 
la fonctionnalité de cette DUB. D'autre part, BAP1 est phosphorylé suite à un dommage à 
l’ADN (59). Nous avons identifié 6 sites de phosphorylation qui sont induits par les IRs. De 
manière intéressante, ces sites de phosphorylation IR-dépendant ne sont pas conservés chez la 
drosophile et seulement deux de ces sites sont conservés chez le poulet. Il est donc fort 
probable que le rôle de BAP1 dans la réponse aux dommages à l’ADN soit acquis plus tard 
durant l’évolution, dû à une plus forte pression sélective de l’environnement sur les 
organismes plus complexes.  
 
5.2 BAP1 EST UN RÉGULATEUR DE LA RÉPONSE AUX DSBs. 
Par un “screen” fonctionnel, nous avons identifié BAP1 en tant que régulateur 
important de la réponse aux dommages à l’ADN induits par les IRs. La déplétion de BAP1 a 
causé une réduction des foyers des protéines de réparation d’ADN, BRCA1 et RAD51. Cette 
diminution n’est pas due à un défaut transcriptionnel, puisque les niveaux protéiques de 
BRCA1 et de RAD51 sont restés inchangés. Il y aurait donc un défaut de recrutement de ces 
protéines aux sites du dommage. BRCA1 et RAD51 sont des protéines clé de la réparation de 
l’ADN par la HR. Étant donné que les foyers de DNA-PK phosphorylé (de la voie du NHEJ) 
ne sont pas affectés par la déplétion de BAP1, ce dernier semble jouer un rôle spécifique dans 
la voie de la HR. Parallèlement, des expériences de conversion génique ont démontré que 
BAP1 est requis pour ce processus cellulaire principalement basé sur la HR. L’implication de 
BAP1 dans la HR est également supportée par la sensibilité des cellules de poulet BAP1 KO 
aux inhibiteurs de PARP (qui tuent préférentiellement les cellules déficientes en HR). De 
manière intéressante, les cellules KO de BAP1 phénocopient les cellules KO de RAD51 et de 
BRCA1 en étant hypersensibles aux agents induisant des bris double brin de l'ADN et 
démontrant de nombreuses altérations chromosomiques (429, 430). Ainsi, en tenant compte de 
toutes ces observations, nous pouvons conclure que BAP1 régule la réparation des DSBs par 
HR. 
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Comment BAP1 promeut la formation de ces foyers de la HR? Plusieurs possibilités 
peuvent être envisagés. D’abord, par des expériences d’immunoprécipitation de la chromatine, 
nous avons démontré que BAP1 est physiquement recruté aux sites du dommage de manière 
phospho-dépendante pour réguler le niveau de H2A K119 monoubiquitiné (H2Aub). Il est 
donc possible qu’en enlevant cette marque répressive, BAP1 permet une relaxation locale de 
la chromatine ce qui augmenterait l’accessibilité des DSBs aux protéines de la réparation. En 
effet, la monoubiquitination de H2B a déjà été impliquée dans un mécanisme similaire de 
remodelage de la chromatine aux DSBs (107, 108). Cette modification de H2B est importante 
pour la résection de l’ADN et au recrutement de RAD51 et de BRCA1 aux DSBs. Il est donc 
possible que la déubiquitination de H2A conjointement avec la mono-ubiquitination de H2B 
coordonnent cette accessibilité des protéines de réparation au niveau des DSBs. Toutefois, il 
est également connu que lors d’un DSB, la mono-ubiquitination de H2A par RING1B-BMI1 
de la région autour du site endommagé est importante pour la répression transcriptionnelle 
(101, 102, 104, 105). Ainsi, ces actions, à la fois, opposées et complémentaires 
d’ubiquitination/déubiquitination de H2A, assuraient une plasticité de la chromatine et une 
régulation précise aux sites du dommage. Dans un tel scénario, BAP1 serait donc recruté de 
façon très dynamique aux DSBs pour coordonner l’accessibilité et la répression 
transcriptionnelle en régulant le niveau de H2Aub. Ce qui pourrait expliquer pourquoi BAP1 
ne forme pas de foyer distinct lors d’un dommage à l’ADN (voir Figure 4.S1). 
Initialement, BAP1 a été reporté d’interagir avec BRCA1 (153). Notamment, les 
auteurs de cette étude ont vérifié cette interaction par des expériences de double hybride chez 
la levure, de “GST-pull down” et d’immunoprécipitation. Cependant, par des expériences de 
purification de complexes protéiques, nous et autres groupes n’avons pas réussi à démontrer 
une interaction stable entre ces deux protéines (voir Chapitre 3 et (41, 246)). Néanmoins, nous 
avons trouvé que BAP1 interagit avec BARD1, une protéine qui forme un hétérodimère avec 
BRCA1 (453). Ainsi, nous ne pouvons exclure la validité de cette interaction qui est 
potentiellement transitoire. Il est donc possible que BAP1 recrute de manière directe BRCA1 à 
la chromatine pour promouvoir la HR. Notons que ce recrutement de BRCA1 médié par BAP1 
semble se faire même en conditions normales. En effet, nos résultats ont montré que la 
déplétion de BAP1 diminue également les foyers constitutives de BRCA1 qui sont associés à 
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la réplication de l’hétérochromatine (431). Ainsi, il a été montré que les cellules déplétées en 
BAP1 ont un ralentissement de la phase S (361). De toute évidence, d’autres expériences 
seront nécessaires afin de définir le rôle exact de l’interaction entre BAP1 et BRCA1. 
Récemment, il a été montré que BRCA1 catalyse l’ubiquitination de H2A sur les nouveaux 
sites K127-129 (454). Toutefois, il n’est pas encore clair dans quel contexte cette modification 
de H2A a lieu. Néanmoins, ce sera intéressant de tester si BAP1 déubiquitine cette 
modification des histones et de déterminer, s’il y a lieu, son implication dans la réponse aux 
dommage à l’ADN. Par ailleurs, BRCA1 est recruté aux sites du dommage par RAP80 qui lie 
les conjugués d’Ub K63 dépendants de RNF168 et de RNF8 (82, 89, 455, 456). En fait, 
RNF168 mono-ubiquitine H2A aux résidus K13-K15 et RNF8 catalyse l’extension de cette 
mono-ubiquitination en chaîne poly-Ub (83). BAP1 ne déubiquitine pas H2AK13-15 mono-
ubiquitiné (Daou et al, soumis), mais est-t-il possible que BAP1 déubiquitine les chaînes d’Ub 
K63 aux sites du dommage ou affecte l’activité de RNF8/RNF168? À cet égard, il a été 
récemment montré que l’ubiquitination de H2AK13-15 par RNF168 dépend d’une région 
acidique des nucléosomes (457, 458). De manière intéressante, cette région est également 
nécessaire pour le recrutement de PRC1 et l’ubiquitination de H2AK119 (458, 459). Un 
modèle envisageable serait qu’après le recrutement de PRC1 et l’ubiquitination de H2AK119, 
BAP1 serait recruté (possiblement par la même région acide du nucléosome) déplacerait PRC1 
pour la déubiquitination de H2A, laissant par la suite cette région acidique libre d’accès à 
RNF168 pour l’ubiquitination de H2AK13-15 et l’enclenchement du reste de la cascade de 
signalisation du DDR. Cela pourrait donc expliquer le requirement simultané de 
l’ubiquitination et de la déubiquitination de H2AK119 pour la réponse au dommage à l’ADN. 
Définir le mécanisme exact de BAP1 dans la réponse aux dommages à l’ADN est d’intérêt 
majeur pour une plus grande compréhension de l’implication des DUBs dans le système d’Ub 
et également pour une meilleure définition de ce suppresseur de tumeurs dans le 
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5.3 IMPLICATIONS DE BAP1 EN TANT QUE SUPRESSEUR DE TUMEURS 
Les travaux présentés dans le cadre de cette thèse ont permis de définir le rôle de 
BAP1 dans la transcription génique et dans la réponse aux dommages à l’ADN.  Comment 
cela s’intègre-t-il avec son rôle de suppression de tumeurs?  
Plusieurs mutations somatiques et germinales du gène bap1 ont été identifiées dans 
différents cancers. Les types de réarrangements du locus bap1 sont très variés et peuvent être, 
entre autres, des déletions/insertions, des mutations non-sens ou des mutations ponctuelles 
(143, 152). Ces mutations surviennent souvent dans des domaines fonctionels spécifiques de 
BAP1 révelant ainsi l’importance de ces derniers dans la fonction supressive de tumeurs de 
BAP1(143, 147-150, 460-463). Les mutations du domaine catalytique UCH de BAP1 sont les 
mieux caractérisées et causent une diminution ou une perte de son activité catalytique.  
L’activité DUB de BAP1 est important pour ses fonctions dans la régulation de la transcription 
des gènes (Chapitre 3) et de la prolifération cellulaire (246). Nous et autre groupe avons 
montré que le mutant catalytique inactif de BAP1 C91S ne permet pas une réparation optimale 
de l’ADN endommagé ni la supression de tumeurs (Chapitre 4 et (154)). L’autre région la plus 
mutée de BAP1 est son extrémité C-terminal comprenant les domaines CC et NLS (Figure 
1.7). Notamment, cette région permet l’interaction de BAP1 avec plusieurs protéines tels que 
BRCA1 (153), YY1 (Chapitre 3), UBE2O (464) et ASXL1/2 (Daou et al., soumis). 
Récemment, l’interaction de BAP1 avec UBE2O a été démontré d’être importante pour 
réguler sa localisation sub-cellulaire (464). En effet, UBE2O catalyse l’ubiquitination de 
BAP1, ce qui résulte en sa rétention cytoplasmique. Cet événement est contrecarré par l’auto-
déubiquitination de BAP1 assurant ainsi une fine régulation de sa localisation nucléaire. De 
manière intéresssante, des mutations de BAP1 qui abolissent cette auto-déubiquitination 
causant ainsi sa rétention cytoplasmique ont été identifié dans des cellules cancéreuses (147). 
Cela suggère donc un rôle important de la localisation nucléaire de BAP1 pour sa fonction 
suppressive de tumeurs (464). Effectivement, par des expérience de tumorogénèse dans des 
souris athymiques, Ventii et al. ont démontré que l’activité DUB et la localisation nucléaire de 
BAP1 sont requises pour sa fonction suppressive de tumeurs (154). Ensuite, quant à 
l’interaction de BAP1 avec ASXL1/2, celle-ci est requise pour sa fonction de déubiquitination 
de H2Aub et de régulation de l’expression génique (155). Cette activité chromatidienne de 
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BAP1 est très important pour sa fonction supressive de tumeurs. Cela est notamment mise en 
évidence par l’identification de mutations associées au cancer de BAP1 qui abolissent son 
interaction avec ASXL1/2 et son activité DUB envers H2Aub (Daou et al., soumis, (147)). 
L’importance des autres mutations de BAP1 et particulièrement celles de la région centrale, 
reste encore à être déterminée. Notamment, cette région centrale comprend le domaine 
d’interaction avec HCF-1 (HBM). Ce domaine est crucial pour l’intégrité des complexes 
BAP1 (Chapitre 3).  Récemment, des mutations du domaine HBM ont été identifiés dans le 
cancer du rein (150). De manière intéressante, ces mutations de BAP1 abolissent son 
interaction avec HCF-1 et son activité supressive de la prolifération cellulaire, sans toutefois 
affecter la déubiquitination de H2Aub (150). Ainsi, l’activité DUB de H2Aub et l’interaction 
avec HCF-1 sont deux composants indépendants de BAP1 qui assurent, tous deux, sa fonction 
supressive de tumeurs. Cela dit, les mutations associées au cancer de BAP1 affectent son 
activité DUB, ses interactions protéine-protéine et/ou sa localisation nucléaire, ce qui altére sa 
fonction supressive de tumeurs.  
BAP1 protège les cellules des assauts génotoxiques en régulant la voie de réparation de 
l’ADN par HR. Cette voie permet une réparation sans erreur de l’ADN pour un maintien de la 
stabilité génomique. En présence de défaut de cette voie, la cellule va plutôt employer la voie 
alternative de réparation des DSBs, le NHEJ. Malheureusement, cette voie peut induire des 
erreurs lors de la réparation qui peuvent causer éventuellement une instabilité génomique. 
Normalement, les cellules sont dotées de mécanismes de contrôle, nommés les points de 
contrôle, pour la détection et l’empêchement de la propagation de ces défauts génomiques. 
Toutefois, si un défaut survient dans ces points de contrôle, ces aberrations génomiques vont 
échapper à la surveillance cellulaire. L’expansion clonale dans de telles situations favorisera 
l’acquisition de mutations additionnelles et éventuellement le développement de cancer 
(Figure 5.1). Effectivement, après la déplétion de BAP1, les cellules arrêtent de proliférer, 
suggérant l’activation de points de contrôle (246). Toutefois, d’un autre côté, il existe des 
cellules cancéreuses inactivées en BAP1 qui n’éprouvent pas de problème de prolifération. 
Alors, comment cela est-ce possible? Ce pourrait-il que BAP1 régule justement certains de ces 
points de contrôle? Ainsi, la déplétion de BAP1 causerait une dérégulation de HR et de points 
de contrôle, ce qui permettrait la prolifération de cellules dont l'ADN est endommagé. 
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Effectivement, les cellules H226 déficientes en BAP1, qui présentent des foyers constitutifs de 
γH2AX, prolifèrent malgré ce signal indicatif de dommages d’ADN non réparés (voir Figure 
4.S8C), suggérant fortement un défaut de points de contrôle. De plus, la réintroduction de 
BAP1 dans ces cellules H226 supprime leur prolifération, ce qui pourrait insinuer une 
restauration de points de contrôle (154).  
 
 
Figure 5.1 : Modèle de cancérogenèse suite à l’inactivation de BAP1. Voir texte pour plus 
de détails. 
 
5.4 CONCLUSION GÉNÉRALE 
En conclusion, ces travaux ont permis de comprendre les rôles biologiques du 
suppresseur de tumeurs BAP1 qui étaient jusqu’alors inconnus. Nous sommes les premiers à 
avoir démontrer de manière claire la fonction de BAP1 dans la transcription des gènes et la 
réponse aux dommages à l’ADN. BAP1 est associé à une multitude de protéines et forme un 
complexe contenant plusieurs autres activités enzymatiques, telles que les activités de 
métlytransférase, de glycosylase et de ligase d’Ub (catalysées par LSD2, OGT et UBE2O 
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respectivement). Ainsi, il sera important de comprendre comment ces activités s’autorégulent 
et comment la synergie de ces dernières permet au complexe BAP1 de remplir ses fonctions 
cellulaires et suppressive de tumeurs.  Car comprendre le mécanisme d’action exact du 
complexe BAP1 nous permettra de manipuler, de manière intelligente, cette DUB dans le but 
de créer de nouvelles stratégies thérapeutiques anti-cancer.  
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 ABSTRACT 
Host Cell Factor 1 (HCF-1) plays critical roles in regulating gene expression in a 
plethora of physiological processes. HCF-1 is first synthesized as a precursor, and 
subsequently specifically proteolytically cleaved within a large middle region termed the 
proteolytic processing domain (PPD). Although the underlying mechanism remains enigmatic, 
proteolysis of HCF-1 regulates its transcriptional activity and is important for cell cycle 
progression. Here we report that HCF-1 proteolysis is a regulated process. We demonstrate 
that a large proportion of the signaling enzyme O-linked-N-acetylglucosaminyl transferase 
(OGT) is complexed with HCF-1 and this interaction is essential for HCF-1 cleavage. 
Moreover, HCF-1 is, in turn, required for stabilizing OGT in the nucleus. We provide 
evidence indicating that OGT regulates HCF-1 cleavage via interaction with and O-
GlcNAcylation of the HCF-1 PPD.  In contrast, although OGT also interacts with the basic 
domain in the HCF-1 amino-terminal subunit, neither the interaction nor the O-GlcNAcylation 
of this region are required for proteolysis. Moreover, we show that OGT-mediated modulation 
of HCF-1 impacts the expression of the herpes simplex virus immediate early genes, targets of 
HCF-1 during the initiation of viral infection. Together the data indicate that O-
GlcNAcylation of HCF-1 is a signal for its proteolytic processing and reveal a novel crosstalk 
between these post-translational modifications. Additionally, interactions of OGT with 
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INTRODUCTION 
HCF-1 is a ubiquitously expressed chromatin-associated protein and a major 
transcriptional regulator controlling numerous cellular processes including cell cycle 
progression (reviewed in (1)). 
HCF-1 undergoes a unique mode of limited proteolysis involving a series of 20 aa 
reiterations within the central proteolytic processing domain (PPD) (2, 3). Although the 
mechanism of cleavage remains to be fully defined, previous studies suggested that HCF-1 
might possess an autoproteolytic activity (4). HCF-1 cleavage occurs at one or more reiterated 
sites at the PPD, generating several N-terminal and C-terminal subunits that form stable 
heterodimers via two corresponding pairs of motifs, termed self association sequences (SAS) 
(5).    
Earlier studies indicated that proteolytic processing of HCF-1 is required to coordinate 
two major functions of HCF-1 in cell cycle progression (6). The HCF-1 N subunit is necessary 
and sufficient to promote the G1 to S transition, while the C subunit is required for 
progression through mitosis (6). However, the molecular properties that characterize the 
functions of the precursor versus the mature forms of HCF-1 remain unclear. It is likely that 
the gain or loss of specific protein interactions is one major consequence of HCF-1 processing. 
For instance, the coactivator/corepressor FHL2 interacts with the HCF-1 precursor via a motif 
located in the central region of the PPD. HCF-1 processing removes this motif, thus 
decreasing the activation of an HCF-1-dependent target gene (7). 
OGT is a highly conserved enzyme that participates in critical nuclear and cytoplasmic 
signalling events (8, 9). Similar to phosphorylation, OGT modifies S/T residues of target 
proteins with a single N-acetylglucosamine (O-GlcNAc); regulating protein function by 
influencing protein interactions, enzymatic activity, and subcellular localization. Furthermore, 
O-GlcNAc modification is highly dynamic and ample evidence indicates the existence of 
extensive crosstalk between O-GlcNAcylation and phosphorylation in controlling biological 
processes (8, 9). The reversibility of O-GlcNAcylation is ensured by a unique beta-N-
acetylglucosaminidase (OGA) which is also highly conserved (10). OGT interacts with 
numerous cellular proteins, most notably transcription factors and regulators. Significantly 
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OGT was previously shown to interact with and glycosylate the HCF-1 N subunit (11, 12). 
However, the biological significance and mechanism of this O-GlcNAcylation remain 




HCF-1 regulates the stability of nuclear OGT.    
HCF-1 possesses a unique modular structure consisting of an amino-terminal Kelch 
domain followed by: (i) a region rich in basic residues; (ii) the PPD containing the 20 aa 
reiterations that are the sites of specific proteolysis; (iii) an acidic activation domain; (iv) and a 
set of fibronectin repeats (Fig.1A). HCF-1 was previously shown to interact with OGT (11). 
However the abundance of nuclear OGT stably associated with HCF-1 relative to the entire 
nuclear pool was not known. To address this, we immunodepleted HCF-1 from HeLa nuclear 
extracts (Fig.1B). Quantification of OGT levels in the HCF-1 complexes fraction (IP) and the 
flow through (FT) revealed that nearly 50% of the total nuclear OGT is stably associated with 
HCF-1. The association of a large proportion of OGT with HCF-1 suggests important roles of 
this complex. Strikingly, depletion of HCF-1 in HeLa cells by shRNA induced a 
corresponding dose-dependent decrease of OGT (Fig.1C). This result was confirmed by a pool 
of 4 siRNA oligonucleotides targeting HCF-1 (Fig.1C). Conversely, overexpression of HCF-1 
induced an increase in OGT protein levels (Fig.1D). The reduction in OGT levels in the 
absence of HCF-1 were not due to a reduction in OGT mRNA levels (Fig.1E). Moreover, no 
detectable HCF-1 was found to be associated with the OGT promoter (Fig.1F). In contrast, 
HCF-1 was readily detected on the promoter of p107 RB family member (Fig.1F), a known 
HCF-1 target gene (13).  
The above results suggested that HCF-1 regulates OGT stability via a post-transcriptional 
mechanism. Since OGT is distributed in both the cytoplasm and the nucleus while HCF-1 is 
primarily localized in the nucleus, we determined whether the nuclear pool of OGT was 
preferentially stabilized by HCF-1. Subcellular fractionation showed that the nuclear pool of 
	   vi	  
OGT is significantly reduced relative to the corresponding cytoplasmic pool following 
depletion of HCF-1 (Fig.2A). These results were confirmed by immunostaining following 
knockdown of HCF-1 where a significant reduction of nuclear OGT could be observed in the 
HCF-1 depleted cells (Fig.2B). To determine whether OGT is regulated by proteasomal 
degradation, we transfected expression plasmids for OGT and ubiquitin, followed by treatment 
with the proteasome inhibitor MG132. After OGT immunoprecipitation, we observed a typical 
ubiquitination smear, which was increased by MG132 treatment (Fig.2C). We note that 
MG132 has a minor effect on OGT protein levels. This is due to the relatively long half-life of 
OGT (~ 12 hours) (14). We also observed an increase in the ubiquitination of endogenous 
OGT following extended treatment with MG132 (Fig.S1). Next, we conducted a 
cycloheximide chase upon HCF-1 knockdown and found that OGT was slightly reduced 
overtime while no change or even a small increase was observed for the shControl transfected 
cells (Fig.2D).  
 
OGT is required for HCF-1 proteolytic processing. 
It was previously reported that OGT interacts with and glycosylates HCF-1 (11), 
suggesting an important reciprocal regulation. Strikingly, depletion of OGT induced an 
accumulation of the HCF-1 precursor with a corresponding decrease in the HCF-1 cleavage 
products (Fig.3A). Quantification indicated that shRNA constructs, which depleted OGT to 
different extents, correlated in an inverse manner with the ratio of HCF-1 cleavage products 
(HCF-1 FL/HCF-1 cleaved forms). As expected, the extent of OGT knockdown also 
correlated with a proportional decrease of global O-GlcNAc modification. Transfection of 
siRNA oligonucleotide pools, which induced a substantial knockdown of OGT, also resulted 
in a significant accumulation of HCF-1 FL (Fig.3A). OGT knockdown also inhibited HCF-1 
cleavage in other cell types indicating that this inhibition is not cell-type specific (Fig.3A). 
Conversely overexpression of OGT along with HCF-1 FL resulted in: (i) an increase in global 
protein O-GlcNAcylation levels; (ii) a decrease in HCF-1 FL levels; and (iii) an increase in the 
levels of HCF-1 N and C polypeptides (Fig.3B). The effect on HCF-1 cleavage was dependent 
on OGT catalytic activity (Fig.S2).  
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O-GlcNAc modification is dynamic and cycling is ensured by the concerted action of 
OGT and OGA (15, 16). We reasoned that overexpressed OGA would shift the equilibrium 
toward O-GlcNAc removal with a concomitant effect on HCF-1 cleavage. Although no 
significant changes were seen on the cleaved forms of HCF-1 following overexpression of 
OGA, a noticeable increase in the level of HCF-1 precursor was observed (Fig.3C). The 
decrease of global O-GlcNAc with overexpressed OGA was considerably less significant than 
with OGT RNAi (Fig.3C).  
Components of the nuclear pore complex are known to be heavily glycosylated by 
OGT suggesting that O-GlcNAc modification might be required for the nuclear import of 
proteins (17-19). Although not firmly established, HCF-1 appears to be cleaved in the nucleus 
(3). We reasoned that depletion of OGT might induce cytoplasmic sequestration of HCF-1 FL 
from accessing factors required for its cleavage in the nucleus. However, in the absence of 
OGT, most of the HCF-1 FL is in the nucleus, indicating that the lack of HCF-1 cleavage was 
not due to a defect in nuclear import (Fig.3D). To further confirm these results, cells were 
stained for HCF-1 following shRNA knockdown of OGT. While substantial depletion of OGT 
was achieved, no noticeable cytoplasmic accumulation of HCF-1 was observed (Fig.S3). 
Interestingly, in contrast to HCF-1 cleavage, no effect of OGT knockdown was observed on 
the histone methyltransferase and transcription regulator MLL1, which is also subjected to 
specific proteolytic cleavage (20) (Fig.S4). We concluded therefore that OGT is required for 
HCF-1 cleavage. 
 
OGT interacts with and glycosylates full length HCF-1.  
To investigate the mechanism of HCF-1 maturation, we sought to characterize the 
OGT interaction with HCF-1. First, we cotransfected HA-HCF-1 FL or HA-HCF-1 N (1-
1010aa) with Myc-OGT, and found that significantly more OGT is immunoprecipitated with 
HA-HCF-1 FL than HA-HCF-1 N (Fig.S5A), suggesting that the major determinants of 
OGT/HCF-1 interaction are contained within HCF-1 sequences that are not present in the 
HCF-1 N protein.  
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Next we used the WT or an uncleavable form of HCF-1 mutant (NC) in which the 
critical glutamic acid of each repeat had been mutated to alanine (7). Immunoprecipitation 
assays revealed that the uncleavable HCF-1 mutant was even more efficient in co-
immunoprecipitation of OGT than the WT HCF-1 (Fig. S5B). These effects were also 
observed following coexpression of HCF-1 WT or the uncleavable mutant with OGT. In this 
case, OGT expression induced processing of the HCF-1 WT but not the HCF-1 NC mutant 
(Fig.S5C). Of note, Myc-OGT was substantially stabilized in cells co-transfected with HCF-1 
NC accounting partly for the more efficient co-immunoprecipitation. However, the ratio of the 
IP/Input supported the conclusion that OGT interacts more efficiently with the uncleaved 
HCF-1 than the HCF-1 WT (Fig.S5C). Next, in vitro GST-pull down assays using 
recombinant GST-OGT and various in vitro translated forms of HCF-1 (FL, N and C subunits) 
indicated that the GST-OGT interacts more efficiently (~10 fold) with the HCF-1 precursor 
than the HCF-1 N subunit (Fig.S6). No interaction was observed with the HCF-1 C (Fig.S6). 
To determine whether HCF-1 FL is O-glycosylated, we immunoprecipitated HCF-1 and found 
that the precursor reacts with the anti-O-GlcNAc antibody, suggesting that O-GlcNAcylation 
of HCF-1 precedes its processing (Fig.S7). We also note that large C-terminal fragments 
corresponding most likely to processing intermediates are O-glycosylated, however the most 
processed forms of HCF-1 C-terminal subunits appear to be very poorly O-glycosylated.  
 
OGT interaction with and O-GlcNAcylation of the HCF-1 N-terminal subunit are not 
required for HCF-1 proteolytic cleavage. 
To determine the role of O-GlcNAc in the proteolytic processing of HCF-1, we utilized 
two approaches. We first conducted GST-pulldown assays with subdomains of the HCF-1 N 
subunit and observed that the HCF-1 basic region interacts with OGT (Fig.S8A). We further 
determined that a region between 500 and 550 aa of HCF-1 is sufficient for this interaction 
(Fig.S8A). Therefore, we generated a mutant of HCF-1 lacking this domain (Δ500-650 aa) 
(HA-HCF-1 ΔOBM) (Fig.S8B). Interestingly, this mutant was cleaved as efficiently as the 
WT HCF-1 (Fig.S8C, left panel). Moreover, the interaction of this HCF-1 mutant with OGT 
was almost unchanged in comparison to the WT HCF-1 (Fig.S8C, left panel).  Next, we 
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analysed the O-GlcNAcylation levels of this HCF-1 mutant and observed that while a 
significant decrease in the O-GlcNAcylation of the cleaved forms of HCF-1 was evident, there 
was no substantial change in the overall O-GlcNAcylation of the uncleaved FL HCF-1 
(Fig.S8C, right panel). The data indicate that neither the interaction of OGT with the N subunit 
nor its O-GlcNAcylation is responsible for the OGT mediated proteolysis of HCF-1. To 
confirm these results, we mutated all of the known O-GlcNAcylation sites located in the HCF-
1 N subunit (12) (HA-HCF-1 ΔO-Glc) (Fig.S8B). Similar to the HCF-1 DOBM mutant, a 
substantial decrease in HCF-1 O-GlcNAcylation was observed for the cleaved forms while no 
major changes in the O-GlcNAcylation levels of the uncleaved HCF-1 were seen (Fig.S8C, 
right panel). Importantly the extent of HCF-1 cleavage remained essentially similar to the WT 
form suggesting that O-GlcNAc modification of the basic region within the HCF-1 N is not 
required for processing (Fig.S8C, left panel).  
 
OGT interacts with, O-glycosylates, and promotes the cleavage of the PPD. 
To provide further mechanistic insights into the role of OGT in HCF-1 processing, we 
investigated the role of the PPD in promoting the OGT/HCF-1 interaction. First we transfected 
cells with the uncleavable HCF-1 FL (HCF-1 NC) or HCF-1 lacking the PPD (HCF-1 Δ PPD) 
and compared the interaction with OGT.  As shown in Fig.4A, the HCF-1 lacking the PPD 
interacted less efficiently (~ 20-fold less) with OGT than the uncleavable form suggesting that 
the PPD is the major OGT-interacting domain. Previously it was demonstrated that the PPD 
was sufficient for cleavage in cells, although it is very poorly processed (3). Therefore, we 
generated PPD expression constructs with and without a Nuclear Localization Signal (NLS) 
(Fig.S9A). In contrast to the PPD without the NLS (Myc-PPD) which was moderately cleaved, 
the PPD with the NLS (Myc-NLS-PPD) was dramatically cleaved and only a faint band of 
residual uncleaved PPD could be detected (Fig.S9B). Of note, the Myc-NLS sequences (~3 
kDa) enabled us to detect the smallest cleaved form of the Myc-NLS-PPD (PPD repeat 1-2).  
As detected by immunofluorescence, the Myc-PPD was distributed in the cytoplasm 
and nucleus (Fig.4B). In contrast, the Myc-NLS-PPD accumulated in the nucleus (Fig.4B). 
Interestingly, cells expressing Myc-NLS-PPD exhibited a typical pronounced nuclear OGT 
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staining (Fig.4B), similar to mock transfected cells (Fig.2B). However, in cells expressing 
Myc-PPD, OGT was distributed evenly between cytoplasm and nucleus (Fig.4B), suggesting 
that this form of the PPD directly interacts with OGT and interferes with its nuclear 
localization. This result was confirmed by subcellular fractionation, i.e., cells expressing Myc-
PPD exhibit significantly higher OGT levels in the cytoplasm (Fig. S10).  Next, we found that 
the HCF-1 PPD (Myc-PPD) was sufficient to co-IP OGT (Fig.4C). In contrast, the smallest 
cleaved form of PPD does not interact with OGT indicating that this set of reiterations (R1-2) 
is not sufficient to mediate the association with OGT. Since the Myc-NLS-PPD appears to be 
dramatically cleaved, we reasoned that this domain might interact with OGT and be a target of 
OGT mediated O-GlcNAcylation prior to its cleavage. In support of this, the Myc-PPD was 
modified by O-GlcNAc in an OGT-dependent manner (Fig.4D and Fig. S11). To further 
characterize the role of OGT in promoting HCF-1 cleavage, we took advantage of the PPD 
without the NLS, which localizes in both cytoplasm and nucleus (Fig.4B), interacts with OGT, 
and is moderately cleaved (Fig.4C). Following over-expression of OGT, we observed a 
decrease in the levels of both the FL Myc-PPD and the cleavage products (Fig.4E). 
Conversely, knockdown of OGT induced an accumulation of FL Myc-PPD (Fig S12). These 
results indicate that OGT directly promotes the cleavage of the HCF-1 PPD and intermediate 
processing forms. 
 
Depletion of OGT enhances HCF-1 target gene expression.  
Since we observed a significant accumulation of HCF-1 FL in the nucleus following 
depletion of OGT, we first determined whether it associates with chromatin. The 
chromatin/nuclear matrix fraction of HeLa cells was prepared from control and OGT-depleted 
cells and treated with MNase (21). As shown in Fig.5A, HCF-1 was  released into the soluble 
fraction following MNase treatment, indicating its association with chromatin.  
Finally, to determine the biological consequences of OGT mediated regulation of 
HCF-1 cleavage, we assessed the impact of OGT depletion on HCF-1 mediated gene 
expression using the well characterized model of HCF-1-dependent activation of the herpes 
simplex virus (HSV) IE genes (1). HFF cells transfected with control or OGT siRNAs were 
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infected with HSV and the levels of viral and control cellular mRNAs were determined by 
qRT-PCR. As shown in Fig.5B, depletion OGT (~80%) resulted in a substantial increase in the 
ratio of HCF-1 precursor to the HCF-1 cleavage products as compared to cells transfected with 
control siRNAs. Importantly, depletion of OGT also resulted in a consistent increase (~1.5 to 
2.5-fold) in viral IE gene expression (Fig.5B).  In contrast, no impact was seen on expression 
of the control GAPDH or TBP mRNA levels. As factors such as the Sp1 transcription factor, a 
known component of the viral HSV IE gene expression regulatory circuit, as well as RNA 
polymerase II can be regulated by O-GlcNAcylation (22, 23), we also analyzed the expression 
of a set of Sp1 target genes in cells depleted of OGT. In contrast to the impact on HSV IE 
gene expression, we did not detect any significant changes in the expression of these Sp1 
target genes (Fig. S13). Thus, although we can not exclude possible effects resulting from O-
GlcNAcylation of other cellular factors, the loss of Sp1 or RNA polymerase II O-
GlcNAcylation does not likely account for the observed increase in HSV immediate-early 
gene expression. The results are consistent with previous data indicating that the full-length, 
non-processed form of HCF-1 was more efficient in induction of viral IE reporter genes (7). 
 
DISCUSSION 
Site-specific limited proteolytic cleavage is exploited as a signaling mechanism in 
nearly all living organisms. Moreover, the importance of this post-translational modification is 
emphasized by the fact that, in mammals, numerous physiopathological processes have 
evolved elaborate protein cleavage machineries. 
Mammalian HCF-1 is subjected to proteolytic cleavage via limited site-specific 
proteolysis within unique reiterations of the PPD. Interestingly, C elegans HCF does not have 
a domain homologous to PPD and is not cleaved (24). The Drosophila HCF, although also 
cleaved, does not contain cleavage sites homologous to the mammalian HCF-1 PPD (25). This 
suggests that a need developed for HCF-1 proteolytic processing, although distinct 
mechanisms of cleavage have apparently evolved. Indeed, it has been shown that the 
Drosophila HCF is cleaved by the protease taspase 1, while human and mouse HCF-1 are 
cleaved in a taspase 1-independent manner (26).  
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Here, we demonstrate that OGT is required for HCF-1 cleavage. Interestingly O-
GlcNAcylation is shown here to promote proteolytic cleavage, protein phosphorylation also 
impacts proteolytic cleavage by either stimulation or inhibition (27), thus highlighting the 
importance of  post-translational modifications in tightly regulating limited proteolysis. In 
addition to the previously established role of OGT in inhibiting proteasomal degradation via 
O-GlcNAcylation of the proteasome or its substrates (28-30), we have here uncovered an 
additional role for this enzyme in signalling limited proteolysis. Since both proteolytic 
cleavage and O-GlcNAcylation modulate the function of several transcription regulators, it 
would be interesting to determine whether this crosstalk represents a more global signaling 
event. 
The role of OGT in association with HCF-1 is likely to have several functions. With 
respect to the regulation of HCF-1 cleavage, it is possible that the PPD encodes a dormant 
protease that is stimulated by O-GlcNAcylation, following a significant conformational 
change. This model would provide a level of control that prevents promiscuous and untimely 
autocleavage of HCF-1. Alternatively, O-GlcNAcylation of the PPD may provide a signal for 
recruitment of an, as yet unidentified, protease. Importantly, the PPD is not simply a domain 
containing proteolytic cleavage sites but is also a domain that interacts with HCF-1 binding 
partners. OGT mediated O-GlcNAcylation of the PPD or PPD interacting partners could result 
in an enhancement of cleavage via disruption of protective interactions. Thus, OGT-mediated 
cleavage of HCF-1 can provide a mechanism for controlling the dosage and functional 
competency of HCF-1 and its processed subunits. In support of this, depletion of OGT results 
in accumulation of the full-length HCF-1 and a stimulation of HCF-1 dependent 
transcriptional activation of the HSV IE genes.  Finally, an additional implication of the 
interaction of OGT with HCF-1 is the reciprocal impact of HCF-1 on OGT stability. Thus, as 
OGT interacts more efficiently with the HCF-1 precursor, it may therefore modulate its own 
stability. 
In addition to modulating HCF-1 cleavage, OGT is also likely to have additional 
functional roles in association with HCF-1. In addition to its interaction with the HCF-1 PPD, 
OGT also interacts with the basic domain of HCF-1 and remains associated with the cleaved 
HCF-1 subunits. Thus, OGT might modulate HCF-1 interactions with chromatin-associated 
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regulators. Notably, OGT is a metabolic sensing enzyme. It would be of continued interest to 
investigate whether changes in metabolic conditions impact HCF-1 processing and/or 
function, which in turn would affect cell growth and cell cycle progression. Thus, as HCF-1 is 
a major regulator of cellular metabolism (31, 32), O-GlcNAcylation of HCF-1 might provide a 
link between cellular metabolism and cell proliferation.  
 
MATERIALS AND METHODS   
Plasmids and Antibodies  
shRNA constructs, expression plasmids, and antibodies used in this study are described 
in supplemental information.  
 
Cells and virus 
HeLa, U2OS, HFF (human foreskin fibroblast), and 293T cells were maintained 
according to standard protocols.  Infections of HFF cells with HSV-1, cell transfections, and 
western blotting were done as described in supplemental information. 
 
Immunodepletion and Immunoprecipitation  
Immunodepletion of HeLa nuclear extracts with anti-HCF-1 or control IgG were done 
as described in supplemental information. 
 
Biochemical fractionation of subcellular compartments  
Nuclear and cytoplasmic fractions were obtained using a hypotonic lysis buffer as 
described (33). Chromatin fractions and digestion with MNase were conducted as described 
(34). 
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In vitro GST-pulldown assays 
Recombinant GST-OGT fusion protein was purified using glutathione agarose beads 
and used for pull down assays as described in the text and supplemental information.  
 
Immunofluorescence 
Cells were fixed with paraformaldehyde and stained with the appropriate antibodies as 
detailed in the supplemental information. 
 
mRNA expression analysis and chromatin immunoprecipitations 
mRNA was prepared according to standard procedures and cDNAs were used for real 
time qRT-PCR analysis of cellular and viral mRNA levels. Chromatin immunoprecipitation 
(ChIP) was done essentially as previously described (35) with minor modifications as 
described in supplemental information .  
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Figure 1. HCF-1 is required for the maintenance of proper OGT levels.  
(A) Schematic representation of the domains of the human HCF-1. (B) Immunodepletion of 
HeLa nuclear extracts using anti-HCF-1. OGT and HCF-1 were detected in the HCF-1 
immunoprecipitate (IP) and flow through (FT) by western blot. The nuclear protein PARP1 
was used as a negative control. Quantification of OGT  was done relative to PARP1. (C) 
Depletion of HCF-1 using shRNA plasmids or siRNA olignucleotide pools induces OGT 
downregulation. Quantification of OGT or HCF-1 was done relative to β-actin. (D) 
Overexpression of HCF-1 increases OGT protein levels. HeLa cells were transfected with 
HCF-1 FL and 2 days post-transfection, cells were harvested for immunoblotting. (E) OGT 
mRNA is not affected by HCF-1 depletion. U2OS cells mRNAs were isolated and cDNAs 
were quantitated by qRT-PCR relative to GAPDH. shRNA for OGT was included as an 
internal control. All experiments were repeated at least 3 times and the data are presented as 
mean ± SD. (F) Promoter occupancy by HCF-1. ChIP assays were done using U2OS cell 
chromatin and anti-HCF-1 or IgG control. The enrichment of factors was calculated relative to 
the occupancy of the β-globin promoter. All experiments were repeated at least 3 times and 
data are presented as mean ± SD. 
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Figure 2. HCF-1 regulates the stability of OGT. 
Nuclear OGT is preferentially downregulated following HCF-1 depletion (A-B). (A) 
Biochemical fractionation of nuclear and cytoplasmic compartments following HCF-1 
knockdown in U2OS. PARP1 and LDH, which are localized in the nucleus and cytoplasm, 
respectively, were used as controls for fractionation. Quantification of cytoplasmic versus 
nuclear OGT was done relative to LDH or PARP1, respectively. (B) Immunofluorescence 
detection of OGT in U2OS cells following HCF-1 knockdown. (C) OGT is ubiquitinated and 
regulated by proteasomal degradation. 293T cells were transfected with Myc-OGT and HA-
ubiquitin (HA-Ub). Two days post-transfection, cells were treated with 20 µM MG132 for 4 
hours prior to harvesting for immunoprecipitation and western blotting.  (D) OGT protein 
stability is decreased following HCF-1 depletion.  U2OS cells were transfected with HCF-1 
shRNA plasmids. Three days later, cells were treated with CHX (100 µg/ml) and harvested for 
western blotting. 
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Figure 3. OGT is required for HCF-1 proteolytic cleavage.  
(A) OGT depletion induces accumulation of the HCF-1 precursor with a decrease in the levels 
of the cleaved forms. Cells were transfected with either OGT shRNA or OGT siRNA 
oligonucleotide pools and harvested for western blotting. Quantification of OGT is relative to 
β-actin. The HCF-1 cleavage ratio was estimated by dividing the signal value of the precursor 
by the sum of the signal values of the cleaved forms. (B) Overexpression of OGT promotes 
HCF-1 cleavage. 293T cells were transfected with either pcDNA3 control or Myc-OGT along 
with HA-HCF-1 FL. Two days post-transfection, cells were harvested for western blotting. 
(C) Overexpression of OGA inhibits HCF-1 cleavage. 293T cells were transfected with either 
pcDNA3 control or Myc-OGA along with HA-HCF-1 FL. Two days post-transfection, cells 
were harvested for western blotting. (D) Subcellular fractionation following knockdown of 
OGT. HeLa cells were transfected with OGT shRNA plasmids and harvested for fractionation 










Figure 4. OGT interacts with HCF-1 PPD and mediates its cleavage. 
(A) Interaction of OGT with HCF-1 lacking PPD or HCF-1 FL. 293T cells were transfected 
with either HCF-1 NC V5 or HCF-1 ΔPPD V5. Two days post-transfection, total cell extracts 
were used for immunoprecipitation using an anti-V5. (B) Immunofluorescence localization of 
PPD with or without a nuclear localization signal. U2OS cells were transfected with  either 
Myc-PPD or Myc-NLS-PPD. Two days post-transfection, cells were used for immunostaining 
using an anti-Myc. (C) Interaction of PPD with OGT. 293T cells were transfected with either 
Myc-PPD or Myc-NLS-PPD. Two days post-transfection, total cell extracts were used for 
immunoprecipitation using an anti-Myc. (D) O-GlcNAcylation of PPD with OGT. 293T cells 
were transfected with either Myc-PPD or Myc-NLS-PPD and Myc-OGT. Two days post-
transfection, total cell extracts were used for immunoprecipitation under denaturing conditions 
using an anti-Myc. To ensure the specificity of signal, the O-GlcNAc antibody was pre-
incubated for 1 H with 1 M of N-acetylglucosamine before being applied to the membrane. 
(E) Overexpression of OGT promotes PPD proteolytic cleavage. 293T cells were transfected 
with Myc-PPD along with pCDNA3 or Myc-OGT. Two days post-transfection, total cell 
extracts were used for immunoblotting. 
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Figure 5. Uncleaved HCF-1 associates with chromatin and enhances HCF-1-mediated 
viral gene expression. 
(A) HCF-1 precursor is associated with chromatin. HeLa were transfected with either non-
targeting control or OGT shRNA plasmids. Three days post-transfection, cells were harvested 
for cell fractionation. The chromatin/nuclear matrix fraction was treated with micrococcal 
nuclease (MNase) to release nucleosomes. Proteins were detected in the soluble and pellet 
fractions by immunoblotting or coomassie blue staining. (B) HFF cells were transfected with 
control or OGT siRNAs.  Three days post transfection, cells were infected with 0.1 PFU HSV-
1 and harvested for mRNA analysis (top panel) and immunoblotting (bottom panel). Levels of 
control cellular (GAPDH and TBP), OGT, and viral IE mRNAs in OGT depleted cells are 
shown relative to levels in control siRNA transfected cells. All experiments were repeated at 
least 3 times and data are presented as mean ± SD. 
 
 
